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3“Look at who you want to be
and start sculpting yourself into that person.
You may not get exactly where you thought you’d be,
but you will be doing things that suit you,
in a profession you believe in.
Don’t let life randomly kick you
into the adult you don’t want to become”
Chris Hadfield, 2013
4Abstract
This thesis presents a study of X-ray narrow emission lines from ionised gas
within Active Galactic Nuclei (AGN) and is based on the analysis of high-
resolution X-ray spectra from XMM-Newton’s Reflection Grating Spectrome-
ter.
I have investigated the location, ionisation level and chemical abundances
of the gas producing X-ray narrow emission lines in NGC 5548 and NGC
1365. Using observations during an unusual time when the nuclear emission
of NGC 5548 is obscured by cool absorbing material, I show that the emission
lines are consistent with being absorbed by further ionised gas within the
AGN system. This is supported by the location I derive for the emission line
gas, within those of the known warm absorbers in this system. With NGC
1365 spectra I demonstrate that these emission lines can be used to derive
metal abundances within AGN systems; this can be especially important in
obscured objects where usual methods of deriving abundances from UV spectra
are unavailable due to the large degree of absorption. Finally, leading on from
the results on individual objects, I explore outflow-inflow velocities of emission
lines in a large sample of AGN, testing whether these velocities are distributed
di↵erently for di↵erent categories of AGN. With current observations it is not
possible to detect population velocity di↵erences in the X-ray narrow emission
lines of the magnitude previously seen in optical studies. Through this study,
I significantly increase the number of O VII f line detections using a uniform
method across a sample of AGN. These three studies show the variety of
insights into AGN environments enabled by the study of X-ray narrow emission
lines. The thesis closes with a forward look to what could be achieved in this
area with the next generation of X-ray observatories.
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Chapter 1
Introduction to Active Galactic Nuclei
“All models are wrong, but some are useful”
George Box
The name Active Galactic Nucleus (AGN) is used when the compact central
part (nucleus) of a galaxy is comparable in luminosity to or outshines stellar
emission from the host galaxy. This nuclear emission has high luminosity, up
to 1048 erg s 1 (Krolik 1999) integrated over a large wavelength range (hard
X-ray to infrared, plus radio for radio-loud AGN; Krolik 1999), strong and
fast variability (Peterson 1999), and with features that cannot be associated
with star formation, such as strong emission lines which are signatures of
multi-temperature photoionised gas (see Fig. 1.1; Netzer 2006).
1.1 Classifications of AGN
AGN are classified by their observed characteristics, therefore while there is
a large range of potential classifications, the distinctions between them are
not absolute. This is an artefact of the history of AGN studies, as di↵erent
types were traditionally discovered using di↵erent observational methods. A
basic summary of the main types of AGN is shown in Fig. 1.2 and short
explanations are contained in the following paragraphs.
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Fig. 1.1: Comparison of a typical X-ray starburst galaxy spectrum (M 82), representing
collisional plasma, and a Seyfert 2 AGN spectrum (NGC 1068), representing photoionised
plasma. From Netzer (2006)
Fig. 1.2: Basic observational classifications of AGN. Broad emission lines have velocity
widths of a few thousand km s 1. Narrow emission lines have velocity widths of up to 1000
km s 1. RQ stands for radio quiet, RL for radio loud, Sy for Seyfert, NL Sy for narrow
line Seyfert, FSRQ for flat-spectrum radio quasar, BLRG for broad line radio galaxy and
NLRG for narrow line radio galaxy. For details of each type of object, see text. Adapted
primarily from information in Krolik (1999), Peterson (1999) and Osterbrock and Ferland
(2006), plus additional references in Sect. 1.1.
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Fig. 1.3: Comparison of Seyfert 1 (upper panel) and Seyfert 2 (lower panel) optical spectra.
The X-axis is wavelength (A˚). Adapted from Bill Keel’s comparison of AGN optical spectra
(Keel 2002)
Seyfert galaxies
The first AGN to be recognised as di↵erent from ‘standard’ galaxies were
those classified by Carl Seyfert as “extragalactic nebulae with high excitation
nuclear emission lines” (Seyfert 1943). In this paper Seyfert discusses six
‘nebulae’ thought to be part of this new class of object, and lists twelve in
total known to have similar characteristics.
The observational characteristics, found in optical spectra, distinguishing
them from ‘standard’ galaxies are:
1. domination of high-excitation nuclear emission lines
2. broad emission lines; up to 8500 km s 1 at zero intensity
Khachikian and Weedman (1974) were the first to propose two subclasses
of Seyfert galaxies; type 1 has the typical broad permitted emission lines as
well as narrow emission lines, whereas type 2 has only the narrow components.
These are now known as Seyfert 1s and Seyfert 2s. Characteristic spectra of
these types can be seen in Fig. 1.3. There are also intermediate type Seyferts
(1.5, 1.8, 1.9) introduced by Osterbrock (1981), where progressively weaker
broad lines correspond to the larger classification number.
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One more subset of Seyfert galaxies are discussed in the literature, Narrow
Line Seyfert 1s (NLSy1s). These have the same properties as Seyfert 1 galaxies,
such as a [O III]  5007 A˚ /H  ratio > 3 (Boller et al. 1996; Shuder and Oster-
brock 1981), but with additional characteristics, such as strong Fe II emission,
the narrowest ‘broad’ Balmer lines (transitions in Hydrogen ions from excited
levels to n = 2), often with 500-1500 km s 1 widths (Ve´ron-Cetty et al. 2001;
Boller et al. 1996), and extremely variable and intense soft X-ray emission and
steep soft X-ray spectra (Boller et al. 1996). This last feature may indicate a
higher accretion rate and smaller black hole mass compared to other Seyfert
galaxies (Pounds et al. 1995).
It can be considered in basic terms that Broad Line Radio Galaxies and
Narrow Line Radio Galaxies are radio-loud counterparts of Seyfert 1s and 2s
respectively, as shown in Fig. 1.2.
Quasars
Quasars were the second type of AGN to be discovered (after Seyferts)
by radio surveys such as the third Cambridge (3C) catalogue in the late 1950s
(Edge et al. 1959). They tend to be more luminous, and at higher redshift,
and can be both radio-loud or radio-quiet (compared to Seyfert galaxies which
are generally radio-quiet).
Other than the potential for high radio emission, the main distinction be-
tween Quasars and Seyfert galaxies is that Quasars are generally point sources
while for Seyfert galaxies the host galaxy is clearly resolvable (Krolik 1999).
LINERs
LINER stands for “Low-Ionisation Nuclear Emission Region”, and these
objects have lower luminosity nuclei than Seyfert galaxies, initially defined by
H↵ emission line luminosities of 1038 - 1041 erg s 1, compared to typical Seyfert
values of 1041 - 1043 erg s 1 (Heckman 1980). They also show similar emission
lines to Seyfert 2s, although in di↵erent ratios, with the low-ionisation lines
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being stronger in LINERs (see Fig. 1.4). Some LINERs may be low-luminosity
Seyfert 2s, but LINER spectra can also be produced in di↵erent environments
e.g. starburst-driven winds and shock-heated gas (Peterson 1999). As LINER
is an observational classification, the origin of the low-ionisation emission is
not guaranteed to be the same in all objects (Heckman 1987; Gonzalez-Martin
et al. 2006; Singh et al. 2013).
Radio Loud AGN
Radio loud AGN often have strong jet features; the radio emission can
come from close to the core, the jets themselves, or large radio lobes situated
at the ends of those jets. Radio quiet AGN can still have some faint radio
emission, usually confined to a small region, close to the core of the galaxy.
The work in this thesis focusses on radio quiet AGN, so this is a very general
summary of the di↵erent classifications within the radio loud AGN population.
There are many di↵erent classes of radio loud AGN, based on both spectral
and spatial distinguishing features. Flat-Spectrum Radio Sources (FSRSs) and
Steep-Spectrum Radio Sources (SSRSs) are categories describing the power
law slope of the synchrotron radio emission from the jet. This corresponds
well to whether the radio source is compact (FSRSs) or extended (SSRSs), but
does not correspond to the FR I and FR II Fanaro↵ and Riley (1974) classes.
FR I and FR II classifications are given to lower and higher luminosity radio
sources, respectively, with the dividing luminosity at L⌫ (1.4 GHz) = 1032
erg s 1Hz 1 (Bridle and Perley 1984). FR I objects are brightest in the core,
with decreasing surface brightness towards the edges, while FR II objects are
brightest at the edges, often with ‘hot-spots’ of bright emission at the end of
the jet features (Fanaro↵ and Riley 1974). The spectrum of the compact core
of an object from either class is usually flat, whilst the spectrum from the
extended regions is usually steep (Peterson 1999). Radio loud AGN can also
be categorised by the excitation level of their optical spectra, leading to the
classes of High Excitation Radio Galaxy (HERG) and Low Excitation Radio
Galaxy (LERG), which are also correlated with high and low radio luminosities
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respectively. HERGs and LERGs do not have a one-to-one connection with
the FR I and FR II classes.
All of the above classes fall under a general description of radio loud
Quasars, and as shown in Fig. 1.2 the classifications of Broad Line Radio
Galaxy (BLRG) and Narrow Line Radio Galaxy (NLRG) can be used for lower
luminosity objects as the radio loud equivalents of Seyfert 1s and 2s. The final
main group of radio loud AGN is the Blazar class, with the sub-classes BL
Lac objects and Flat-Spectrum Radio Quasars (FSRQs).
Blazars are thought to correspond to the case of looking directly down
the jet of a Quasar, which causes relativistic amplification of the jet-emitted
non-thermal radiation from radio to  -ray (e.g. Blandford and Rees 1978;
Urry and Padovani 1995). This is the most energetic of the AGN classes,
with characteristically ‘double-humped’ spectral energy distributions. The
first hump is attributed to synchrotron emission from electrons accelerated
along the jet, peaking in the infrared-optical (up to soft X-ray) range (Abdo
et al. 2010). The second hump is at higher energies (X-ray to  -ray) and
thought to be produced by synchrotron self-Compton scattering of jet photons
by the same electrons that produce the synchrotron emission, although this is
less well established (see review by Bo¨ttcher 2007, and references therein). The
initial observational classification of either BL Lac or FSRQ was made based
on the presence of optical emission lines with equivalent widths greater than
5 A˚. If lines were present then a FSRQ classification was given, while BL Lac
objects traditionally have featureless spectra (see e.g. Ghisellini et al. 2011;
Urry and Padovani 1995). BL Lacs are then divided into three subclasses; low-
, intermediate- and high-synchrotron peaked sources (LSPs, ISPs and HSPs)
depending on the peak location of their synchrotron emission, and FSRQs can
also be included in the LSP subcategory (Abdo et al. 2010).
The standard theory of all AGN types is that they are powered by accre-
tion onto a supermassive black hole (SMBH). The combination of very high
luminosities and short timescale variability in AGN gives evidence that the
source should have high mass (by using the Eddington limit criterion) and yet
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Fig. 1.4: The di↵erence between Seyfert 2 (upper panel) and LINER (lower panel) optical
spectra. For example, compared to Seyfert 2 spectra, the low-ionisation lines in LINERs
(such as [O I]  6300) are relatively strong. From Peterson (1999)
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Fig. 1.5: Illustration showing the general paradigm of AGN structure. See text for details.
be very small (by using the variability timescale to constrain light travel time
across the source) (see Krolik 1999, and references therein). A basic picture
of an AGN is shown in Fig. 1.5.
The following paragraph describes this general picture of AGN structure,
but detail about the emission mechanisms, atomic processes and how they
relate to the observed spectra, specifically with regard to Seyfert galaxies, is
covered in Sect. 1.3.
In the generally accepted paradigm, immediately surrounding (10-100
gravitational radii; Netzer 2006) the central SMBH (⇠ 106-109 M ) is an ac-
cretion disk whose inner parts are emitting in the UV band, an X-ray corona
(panel a, Fig. 1.5), and in some cases the base of a radio jet which can extend
out into the intracluster medium between galaxies. The hot corona is where
the UV photons from the disk are inverse Compton scattered by energetic elec-
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trons to X-ray energies although it is di cult to determine the geometry and
location any further. The necessary and su cient conditions for the presence
of a jet in an AGN are not well understood, and neither are the launching
mechanism or location (see Worrall 2009, for a review of AGN jets from an X-
ray perspective). On sub-parsec scales (panel b, Fig. 1.5), Broad Line Region
clouds are thought to surround the SMBH, and are the location where the
broad components of emission lines originate. Further still from the central
source, at parsec scales (panel c, Fig. 1.5), are a torus of dusty obscuring ma-
terial and ionised gas in conical outflows (called ‘warm absorbers’ in the X-ray
literature; Halpern 1984). At greater distances (up to kiloparsec scales; panel
d, Fig. 1.5) the Narrow Line Region clouds are located, and finally (panel e)
the host galaxy surrounds the whole AGN structure.
1.2 Unified Models of AGN
The great variety in spectra of all the AGN types described above cannot yet
be completely explained by this basic picture. For example, there are two ways
to think about the di↵erences between Seyfert 1 and Seyfert 2 characteristics,
under the assumption that they are both caused by accretion onto a SMBH;
either the intrinsic emission is di↵erent (and may represent e.g. di↵erent evo-
lution stages of these objects) or the intrinsic emission is the same but the
viewing angle causes them to look di↵erent.
The latter of these two ideas gave rise to what is known as the AGN
Unification Theory (Urry and Padovani 1995), where the inclination (viewing)
angle determines which types of emission are seen and therefore which type
of AGN. In the radio quiet version of this scheme, Seyfert 1s are viewed by
looking directly into the centre of the AGN system, so both the inner broad
line emission and the outer narrow line emission can be seen. In contrast,
Seyfert 2s are seen from a greater inclination angle (more of a side-on view)
so the dusty torus obscures the inner broad line emission, and only the outer
narrow line emission can be seen.
In X-ray literature, Seyfert galaxies can also be referred to as unobscured
and obscured, which are similar classifications to Seyfert 1 and Seyfert 2 al-
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Fig. 1.6: Comparison between total flux and polarized flux for the nucleus of NGC 1068
in the optical band. Broad lines are visible in the polarized flux that cannot be seen in the
total flux. From Miller et al. (1991)
though the optical and X-ray classifications do not always line up as expected
(se e.g. Gonzalez-Martin et al. 2014). Within the group of obscured Seyferts,
another two terms are often used: Compton-thin and Compton-thick. An
AGN is considered Compton-thick when the intrinsic neutral absorbing col-
umn density observed to a↵ect the X-ray spectrum is above 1.5⇥1024 cm 2; in
this case X-rays emitted from the nucleus are e↵ectively destroyed before they
exit the system, by both Compton scattering and photoelectric absorption. In
these objects only indirect reflected or scattered X-rays from the system are
visible to us (Alloin 2006).
One of the most famous pieces of evidence for the Unification Theory
comes from observations of NGC 1068 (Antonucci and Miller 1985). This is
a traditional Seyfert 2 galaxy in both the optical (see Fig. 1.6; Miller et al.
(1991)) and the soft X-ray band (see Fig. 1.7; Kinkhabwala et al. (2002)),
with many narrow emission lines easily visible above a low continuum. The
above Unification Theory suggests that a ‘scattering medium’ lies above the
hole in the torus, and light from the inner broad line region can be scattered
back into our view by this medium. The evidence for this theory appears when
you look at the linear polarization spectrum (see Fig. 1.6), where you can see
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Fig. 1.7: 110 ks observation of NGC 1068 using XMM-Newton RGS, taken in July 2000.
Shown are the e↵ective area-corrected, first-order RGS 1 (red) and RGS 2 (blue) spectra
shifted to the galaxy’s rest frame (z = 0.00379). The strong narrow emission lines are
clearly seen over the observed low continuum. From Kinkhabwala et al. (2002).
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broad Fe II, H  and H  lines. This is interpreted as photons from the inner
broad line region being scattered back into our line of sight.
This ‘hidden’ Broad Line Region, found by polarisation, does not appear
to be present in all Seyfert 2 objects (Tran 2001), giving evidence that the
above Unification Theory based on viewing angle may not be applicable to all
Seyferts.
There are also observations suggesting some AGN can move between the
Seyfert 1 and Seyfert 2 classifications. For example, Denney et al. (2014)
find that over almost 40 years of observations (1973-2014), Mrk 590 changed
classification from a Seyfert 1.5, to a Seyfert 1, and then to a Seyfert 2 (see
Fig. 1.8) as the optical band broad lines appear to get stronger and then
disappear.
There are two ways to explain these “changing look” AGN. Either i)
there is variable obscuration of the broad lines, they are always produced,
but whether they are observed or not depends on the level of absorp-
tion/obscuration that occurs, or ii) there is a variable accretion rate onto
the central SMBH, so that the structure, level of emission, and to a certain
extent the existence of the BLR are dependent on the accretion rate.
Denney et al. (2014) suggest that the changes in classification of Mrk
590 are caused by variable accretion, as they see the same general trends in
flux variations of the optical continuum, optical broad lines (particularly H )
and optical narrow lines (particularly [O III]  5007), although on di↵ering
timescales. The authors conclude from this that the classification type for at
least some AGN may be more an insight into the immediate environment of
the black hole, rather than an outcome of viewing angle.
Clearly, while the model for the basic structure of AGN environments is
generally accepted, questions remain about the specific di↵erences between ob-
jects as well as between observations of the same object separated by decades.
Recently, due to these di↵erences, alterations to the Unification Theory
have been proposed. Netzer (2015) suggests three main modifications: changes
to the physics and structure of the torus with the presence of a more central ob-
scurer in some objects, recognition that there are genuine di↵erences between
1.2. Unified Models of AGN 32
Fig. 1.8: Rest frame optical spectra of Mrk 590 spanning more than 40 years. The black
curves show the observed spectra, the red curves show a host galaxy starlight template that
was fit to the 2013 spectrum and has been scaled to all other spectra, and the blue curves
show power law continuum fits for the epochs in which the stellar component could not
account for all the observed continuum flux. All spectra are on the same flux scale, given
in the ordinate axis label, but a constant has been added (given in parentheses to the right
of each spectrum) to all but the most recent epoch to clearly visualize observed changes
between epochs. From Denney et al. (2014).
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Fig. 1.9: Average broadband spectrum for three di↵erent AGN types, illustrating their
common features. From Koratkar and Blaes (1999)
sub-classifications of AGN (independent of luminosity and inclination), and
ability to take into account evolution of the host galaxy, particularly in terms
of merger history. Central to these modifications is the separation of torus
absorption from the presence (or not) of broad emission lines, and minimising
the use of broad emission lines as a major classification feature.
1.3 Emission and Absorption from AGN
Defining a detailed average spectral energy distribution (SED) of AGN is a
di cult task, although most AGN have a variety of similar features. Figure
1.9 illustrates these common features, and Figure 1.10 shows a more detailed
view of features in X-ray spectra of Seyfert galaxies.
Radio loud and quiet classifications are usually based on a ratio between of
R = FrFo where Fr and Fo are radio and optical flux measurements at 5000MHz
and 2500 A˚ respectively (Sramek and Weedman 1980). R > 10 has been tradi-
tionally used to distinguish radio loud sources (Stocke et al. 1992; Sramek and
Weedman 1980), although recent work suggests that radio loudness is not de-
fined by a strict loud/quiet split, but rather a gradual transition (Mingo et al.
2016).
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Fig. 1.10: Simplified illustration of the main components thought to make up X-ray emis-
sion from AGN, modelled with SPEX.
The infrared (IR) bump in the SED is thought to be produced by thermal
emission from dust heated by the primary continuum, potentially in the torus
region. The big blue bump (BBB) in the optical/UV region is also believed to
be thermal emission but from hotter material, possibly in the accretion disk.
Most AGN also show a local minimum in their SED around ⇠1µm, between
these two bump-like features (Peterson 1999).
The break in the SEDs in Figure 1.9 between the BBB and the ‘soft X-ray
excess’ labels shows the spectral region where the interstellar medium in our
own Milky Way causes too much extinction for extragalactic observations to
be possible.
At higher energies than this unobservable range is the X-ray and  -ray
emission. X-rays are split into two regions; soft X-rays are normally defined as
covering the band 0.1 keV - 2 keV and hard X-rays 2 keV - 100 keV (even higher
energies are  -rays). Di↵erent detector techonologies are needed to observe in
the soft X-ray, hard X-ray and  -ray regimes (Peterson 1999). Figure 1.10 is
a more detailed view of the X-ray emission of a typical Seyfert 1 spectrum.
The power law component (shown as absorbed by a warm absorber in
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Fig. 1.10) is well explained by Comptonization processes. Comptonization
occurs when photons and electrons scatter o↵ each other within a gas, chang-
ing the resulting spectrum of the light. If energy is transferred from photons
to electrons the process is called Compton scattering, which lowers the energy
of photons in the spectrum. The reverse process (energy transfer from elec-
trons to photons) is called inverse Compton scattering, and the photons are
up-scattered to higher energies. Inverse Compton scattering in a hot corona,
where photons from the disk collide with high energy electrons, can explain
the power law observed above ⇠2 keV within AGN spectra; the sum of the
scattering events, over the distribution of both the photons and electrons, pro-
duces a smooth power law shape (Fabian et al. 1986; Osterbrock and Ferland
2006).
Some of this X-ray power law emission then interacts with other material
within the AGN structure such as the disk, the torus and the BLR/NLR.
As it irradiates other material it produces back-scattered radiation in our
line of sight, known as a reflection spectrum. If that material is neutral and
distant (e.g. at the far edge of the disk) then the main components of the
(cold) reflection spectrum are a narrow FeK↵ line at ⇠6.4 keV and a Compton
hump at high energies (see Fig. 1.10). In some objects a broad asymmetric
component to the FeK↵ emission line has been observed, interpreted as a
reflection signature from the inner part of the accretion disk, where extreme
gravity has distorted the shape of the emission line (for an extensive discussion
of X-ray reflection in AGN systems see the review by Fabian and Ross 2010,
and references therein).
The physical origin of the soft excess feature, seen in the soft X-ray spectra
of some AGN to emerge above the extrapolation of the power law below 2
keV, is still debated (e.g. Mehdipour et al. 2011). Various models have been
put forward, including interpreting it as the high energy tail of the thermal
emission causing the BBB (e.g. Arnaud et al. 1985; Pounds et al. 1986), the
result of strong, relativistically smeared, partially ionised aborption in a wind
from the inner disk (Gierlinski and Done 2004), part of the relativistically
blurred, photoionised, disk reflection as in the model by Ross and Fabian
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(2005) (e.g. Nardini et al. 2011) or ‘warm’ Comptonisation, where a corona
with lower temperature and higher optical depth than that used to explain
the origin of the X-ray power law, up-scatters disk photons to higher energies
(see Mehdipour et al. 2011, and references therein).
Identifying a physical origin for the soft excess is complicated by the pres-
ence of ‘warm absorbers’ that imprint absorption features in the same soft
X-ray region of particularly Seyfert 1 spectra (the continuum in this region of
Seyfert 2 spectra is usually too low to allow detection of absorption features)
(Reynolds 1997). Warm absorbers were first proposed by Halpern (1984) to
explain signatures of variable absorption in the Radio Quiet Quasar, MR 2251-
178. In this paper the author discusses two models to potentially explain this
variation; one with a ‘cold’ (neutral) absorber crossing the line of sight and
the other with a ‘warm’ (ionised) absorber with varying ionisation levels. The
warm absorber model gave a better fit to the data, and more recently the first
detection of narrow absorption lines from the warm absorber in NGC 5548 has
confirmed this scenario (with some surprise because absorption edges had been
fitted traditionally and were expected, not narrow absorption lines; Kaastra
et al. 2000).
There is now an extensive body of literature reporting on warm absorbers
detected in many AGN; the vast majority show blue-shifted absorption lines,
which identifies them with outflowing ionised gas moving towards the observer
(see Cappi et al. 2013, and references therein). The origin of warm absorbers
is not well determined, and has been argued to be from the inner edge of
the torus (Krolik and Kriss 2001) or the accretion disk (Bottor↵ et al. 2000;
Elvis 2000). In addition, there are detections of ‘ultra fast outflows’ (UFOs)
in a growing sample of AGN (Cappi 2006; Tombesi et al. 2010). These are
detected as blueshifted absorption lines at rest frame energies above 7 keV, and
identified with Fe XXV and/or Fe XXVI (He-like and H-like iron) resonant
absorption lines at mildly relativistic velocities (up to 0.4c) (Tombesi et al.
2010). The origin of UFOs is also uncertain (see Tombesi et al. 2012, and
references therein), as well as whether they are extreme versions of the same
phenomena as warm absorber outflows, or have a completely di↵erent origins
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(see Tombesi et al. (2013) and Laha et al. (2014) for di↵ering views).
Gas producing narrow absorption lines in our line of sight has also been
detected using UV data (see e.g. Kriss 2001; Kriss et al. 2003). Gas which
produces observable absorption lines in the UV may contain ions which should
produce absorption transitions observable in the soft X-rays too, although
current soft X-ray instrumentation is not generally sensitive enough to the low
column densities of those associated X-ray absorbing ions. Absorber phases in
the UV are usually characterised by their velocity, whereas in the soft X-rays
they are usually characterised by ionisation state as the data in this band
have a much lower velocity resolution. The general picture so far is that some
(but not all) of the UV velocity phases are detected as X-ray absorber phases,
and some (but not all) of the X-ray ionisation phases can be detected as UV
absorber phases (Blustin et al. 2005; Arav et al. 2015).
There are two distinct emission line regions thought to occur close to the
core of AGN systems. These emission lines are produced from recombination
after photoionisation of the gas has taken place. The broad line region (BLR) is
close (for NGC 5548, studied in Chapter 5 of this thesis, within five light days,
from Pancoast et al. 2013) to the central source and consists of dense (1010
cm 3) gas (Detmers et al. 2009), potentially in the form of clouds, streams
or filaments (Peterson et al. 2013). The narrow line region (NLR) is further
out from the ionising source (1-3 pc radius for the optical NLR of NGC 5548,
from Peterson et al. 2013), more spatially extended, less dense (Peterson et al.
2013, estimates 105 cm 3, again for NGC 5548’s optical NLR) and produces
narrow emission lines including forbidden lines, with widths less than 1000
km s 1. The X-ray BLR and NLR emission can further complicate studies of
the soft excess and warm absorbers, due to its presence in the same region of
the soft X-ray spectrum.
The line of sight velocity of the optical NLR has been investigated us-
ing the [O III]  5007 emission line, which is often either blueshifted (moving
towards us) or at rest, relative to the low ionisation optical narrow lines, or
stellar absorption lines from the host galaxy (Boroson 2005; Bae and Woo
2014). The [O III] velocity shift has been used as an orientation indicator by
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Boroson (2011), in conjunction with Fe emission which is thought to originate
from the BLR.
Studies of outflowing emitting gas complements those of absorbing gas
as they probe gas outside our direct line of sight towards the nucleus. For
objects such as the ‘bare’ Seyfert 1 galaxy Ark 120, which has no intrinsic X-
ray absorbing gas along our line of sight, studying the X-ray narrow emission
lines is the best way to investigate gas intrinsic to the AGN (Reeves et al.
2016b).
In Seyfert 2 systems, the optical and X-ray NLR regions have been shown
to be co-spatial using HST and Chandra images (Bianchi et al. 2010), but
the same analysis is more di cult for Seyfert 1 galaxies due to the higher
continuum relative to the soft X-ray narrow lines.
Narrow emission lines from AGN are historically thought to remain con-
stant, given they are produced at large distances from the central engine,
which makes a rapid response to its variability unlikely. However, there is
growing evidence that, at least in some cases where repeated observations are
available, these narrow emission lines vary over timescales of years. This has
been presented by Detmers et al. (2009), using O VII f in the X-rays, and both
Peterson et al. (2013) and Denney et al. (2014), using [O III] in the optical
(the three papers refer to NGC 5548 in the former two cases and Mrk 590 in
the third).
As well as studies attempting to connect UV and X-ray observations of
warm absorbers, there have also been studies linking the X-ray warm absorber
gas to the X-ray narrow-line emitting gas (e.g. Krolik and Kriss 1995; George
et al. 1998; Sako et al. 2000; Blustin et al. 2003; Armentrout et al. 2007). These
investigations have shown qualitively similar properties between the absorbing
and emitting gas phases, but have not yet conclusively proven the same gas is
responsible for both.
Overall there is no clear picture of how optical and X-ray narrow line
regions, and UV and X-ray warm absorbers are related to each other (or not)
within an entire AGN system.
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1.4 Chemical Abundances of AGN Outflows
Abundance measurements for AGN outflows are usually made using broad
emission lines in UV (e.g. Hamann et al. 2002) or narrow absorption lines in UV
(e.g. Arav et al. 2007). In both types of UV based abundance measurements
(emission and absorption), 2-4 times solar abundances have typically been
found (see Hamann et al. 2007; Arav et al. 2007, and references therein), and
in one case as high as 15 times solar (Q 0353-383; Baldwin et al. 2003).
Optical narrow emission lines can also be studied for abundance measure-
ments; Groves et al. (2006) used line ratio diagnostics ([N II]  6584 A˚ / [O II]
 3727 A˚ and [O III]  5007 A˚ /[O II]  3727 A˚) to determine that only 40 AGN
from an Sloan Digital Sky Survey (SDSS) sample of 23000 are clear candidates
for sub-solar NLR abundances.
In some cases narrow absorption lines in X-ray (e.g. Steenbrugge et al.
2011) are used. X-ray spectra do not include any hydrogen transitions, and the
level of bound-free hydrogen absorption only alters the perceived continuum
level, so is degenerate with the flux level of the object. Therefore only relative
abundances can be determined using X-ray spectra, with no direct comparison
to the hydrogen abundance possible.
There are few studies estimating AGN abundances using X-ray narrow
emission lines in a small number of objects. Jimenez-Garate and Khu (2004)
looked at three AGN and determined that NGC 1068 (Seyfert 2) has a  2
times overabundance of nitrogen, NGC 4051 (Narrow Line Seyfert 1) has an
overabundance of neon and NGC 4507 (Seyfert 2) is consistent with solar
abundances. Both Kinkhabwala et al. (2002) and Brinkman et al. (2002) have
also found evidence for 2-3 times overabundance of nitrogen in the emission
line spectrum of NGC 1068 (using RGS and Chandra LETGS data, respec-
tively). RGS observations of starburst galaxies have been used to estimate
metal abundances from the soft X-ray collisional emission lines. In M82,
Read and Stevens (2002) find supersolar abundances of magnesium, silicon,
neon and nitrogen (between 2 and 5 times solar), and Origlia et al. (2004) also
find supersolar abundances of magnesium, silicon and sulphur, although to a
lesser extent (up to 1.5 times solar).
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1.5 E↵ects of AGN on Galaxy Evolution
A major question of interest connecting AGN accretion and outflow processes
with wider astrophysics is: “To what extent can AGN a↵ect the evolution of
their host galaxies and wider surroundings?”. This has been the subject of
many books, review articles, theses and papers, so it is not possible to do it
justice in such a short section. Here is a very brief summary of some points
relevant to this thesis.
Following Mo, H., van den Bosch, F. and White, S. (2010), the power of
a single AGN energy output can be described as:
dE
dt
= ✏M˙BHc
2 (1.1)
where M˙BH is the mass accretion rate of the black hole, c is the speed
of light and ✏ is the e ciency factor, quantifying how much of the accretion
power of the SMBH is released.
This can be integrated over the entire history of that AGN, giving the
total energy output:
E = ✏¯MBHc
2 (1.2)
where ✏¯ is the mean e ciency. This can then be compared with the binding
energy of the host galaxy, to see if the AGN can have a significant impact on
that galaxy’s evolution.
Using the virial theorem, the gravitational binding energy of a galaxy is
roughly:
W ⇠  Mgal 2 (1.3)
where Mgal and   are the mass and velocity dispersion of the host galaxy
respectively.
Observationally MBHMgal ⇠ 10 3 (Kormendy 2001, of course this varies for
each galaxy/SMBH combination), so dividing equation 1.2 by equation 1.3
gives, for a massive galaxy with   ⇠ 300 km s 1, the ratio E|W | ⇠ 103✏¯.
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Fig. 1.11: Black hole growth and stellar mass growth as a function of redshift. The average
black hole accretion rate is compared to the star-formation rates from Hopkins and Beacom
(2006) (including their 3  uncertainty region in gray) and Fardal et al. (2007), scaled by
the factor 0.8⇥ 103. Figure from Shankar et al. (2008).
Therefore it is clear that, depending on the accretion e ciency of the
AGN, it is certainly possible for this process to a↵ect the host galaxy evolu-
tion. The questions that remain are what this e ciency value is in reality,
and whether the energy output from the AGN is e↵ectively coupled to the
environment within the host galaxy and its wider surroundings.
Observational evidence suggests that AGN and their host galaxies co-
evolve. Figure 1.11 shows the evolution of galaxies (traced by star formation
rates) and of their central SMBHs (traced by AGN activity). The trends in
both populations show remarkable similarities; peaks at z ⇠ 2   3, gradual
declines by roughly a factor of 10 from z = 2  3 to 0 and steeper declines at
higher redshifts.
In the local Universe, the empirical M     relation (correlating the mass
of the central SMBH with the stellar velocity dispersion within the galactic
bulge, see Section 6 of the review by Kormendy and Ho 2013, and references
therein) further implies this co-evolution, and has been interpreted as showing
the SMBH and the galaxy regulate each other’s growth (e.g., Gebhardt et al.
2000; Ferrarese and Merritt 2000). This picture is becoming more complicated
with further studies suggesting there are some types of galaxies with less strong
correlations between these two parameters, for example those galaxies with
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pseudobulges, but this still requires co-evolution between SMBHs and galaxies
at certain stages of their lifetime (Kormendy and Ho 2013). Evidence such
as this shows that SMBHs and galaxies undergo similar evolutions, but the
causal link between them is not yet fully established.
This is where studying individual AGN can help. One of the ways AGN
can release energy into their surroundings is through ‘winds’ of outflowing
material. Outflows have been detected in many AGN and over many en-
ergy bands, so their ubiquity is well known, see e.g. the reviews by Fabian
(2012), Crenshaw et al. (2003) and Cicone et al. (2014) (the latter for a recent
sub-millimeter survey). Further sub-millimeter results will become available
in the near future, as the capabilities of the Atacama Large Millimeter/Sub-
Millimeter Array (ALMA) are used to investigate galaxy scale molecular out-
flows in a greater number of objects.
Outflows may be able to prevent further star formation and black hole
growth by heating and/or removing the interstellar medium within the host
galaxy (e.g. Silk and Rees 1998; King 2003). For the impact on the host galaxy
to be large enough to produce the observedM   relation (Ferrarese and Mer-
ritt 2000; Gebhardt et al. 2000), the kinetic luminosity of the outflows must
be 0.5% - 5% of the bolometric luminosity of the AGN (Hopkins and Elvis
2010; Di Matteo et al. 2005). Over the last few years, observations have begun
to show that winds with this power exist (see e.g. Borguet et al. 2012), and
warm absorber outflows, seen in the soft X-rays, are interpreted as low power
versions of these winds. Nearby Seyfert AGN where warm absorbers are com-
mon are then an ideal place to study AGN winds in detail. Increasing our
understanding of all outflowing material from AGN, whether seen in absorp-
tion or emission, will help us get closer to a coherent picture of interactions
between AGN and di↵erent scales of their surroundings, therefore advancing
the overall theory of galaxy evolution through time.
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Chapter 2
X-ray Emitting Gas and Atomic
Physics
“You can’t know, you can only believe - or not”
C.S. Lewis
The focus of this thesis is X-ray line emission from gaseous environments of
AGN. For X-ray lines to be produced, atomic inner shells must have electron
vacancies, i.e. high charge state ions in an excited state are required, from
which they decay via transitions leading to emission lines of specific energies.
Among the processes leading to excited high charge state ions in gas, those
relevant to the work in this thesis are photoionisation and photoexcitation
(following irradiation by an external source), collisional ionisation and exci-
tation (mechanically induced through collisions), charge exchange (see Sect.
2.8), and a combination of multiple processes in a hybrid gas.
If an electron in an atom or ion receives enough energy from an outside
source, it will escape the atom or ion in a process called ionisation. If the
outside source does not have enough energy to cause ionisation, it may excite
the electron to a higher level shell of the atom or ion instead, as an excitation
process.
The outside source could be photons from a radiation field (for photoini-
sation), or other electrons (for collisional ionisation). If the outside source is
a radiation field, and the radiation appears to come from behind the ionised
44
gas in an observer’s line of sight, then this produces an absorption line in the
observed radiation.
The freed electron can also recombine with an ion, and therefore release a
photon in any direction. The photon energy corresponds to the initial energy
of the electron minus the energy of the shell it recombines into. If the electron
recombines to a high level shell of the ion, it can cascade to a lower shell,
releasing another photon with the specific energy of that transition. These
released photons produce emission lines.
Photoionised gas produces X-ray line emission through recombination pro-
cesses and radiative cascade after photoionisation, as well as radiative decay
after photoexcitation; these processes have been found in to take place in X-
ray binaries (Cottam et al. 2001), cataclysmic variables (Mukai et al. 2003),
components of stellar winds (e.g. in Sako et al. 1999; Schild et al. 2004) and,
most importantly for this work, in X-ray narrow line regions of AGN (e.g.
Sako et al. 2000; Kinkhabwala et al. 2002; Nucita et al. 2010, among others).
Collisional gas, on the other hand, produces X-ray line emission mainly
through radiative decay after electron impacts upon ions (hence the name
‘collisional’). Collisional plasmas have been found in stellar coronae, shock-
heated environments and the intracluster medium in galaxy clusters (Kahn
et al. 2002). The critical density for a species is defined as the density at
which collisional and radiative de-excitation rates are equal; for O VII this is
109   1010 cm 3 (Porquet and Dubau 2000).
For photoionised gas, as the radiation field is the major cause of ionisa-
tions, the electron temperature can be much lower than the ionisation poten-
tial. For collisionally ionised gas, the electron temperature is comparable to
the ionisation potential, because the electrons have enough energy to cause
those ionisations. This is why collisionally ionised gas has a higher tempera-
ture than photoionised gas with an equivalent ionisation level.
The following sections describe parameters, notations and processes rele-
vant to the gaseous environments investigated in this thesis.
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2.1 Ionisation Parameter
A quantity known as the ionisation parameter is employed to characterise
photoionised gas, both in absorption and emission. Within AGN studies, two
types of ionisation parameter are commonly used for this purpose, U and ⇠.
The first is:
U =
1
4⇡r2cn
Z 1
⌫0
L⌫
h⌫
dv (2.1)
where Lv is the luminosity of the source per unit frequency interval, r is the
distance from the ionising source, n is the gas density and the integral is
evaluated above the ionisation threshold of hydrogen (⌫0 = 13.6 eV ) (Oster-
brock and Ferland 2006; Costantini 2010).
The second is:
⇠ =
L
nr2
(2.2)
where L is the ionising luminosity in the 1-1000 Ryd (13.6 eV - 13.6 keV) band,
n is the gas density and r is the distance from the ionising source (Tarter et al.
1969).
These definitions imply that U is a dimensionless parameter, whereas ⇠
has units of erg cm s 1.
It is possible to convert between values of U and ⇠ for the same source,
as long as the SED of that source is known; the luminosity values over the
di↵erent energy ranges used in the definition of the two parameters must be
consistently calculated from the same SED.
2.2 Electron Configuration Notation
To describe the configuration of electrons within any shell of an atom or ion,
the following notation can be used:
nlx (2.3)
where n is the principal quantum number (the main energy level, or shell),
l is the orbital angular momentum quantum number (describing the shape of
the electron orbits) and x is the number of electrons in that subshell. The
orbital angular momentum quantum number l is represented by s, p, d, f
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(and then onwards in alphabetical order) for l = 0, 1, 2, 3 etc. These first four
letters seem random, but were originally chosen to stand for sharp, principal,
di↵use and fundamental as they were associated with di↵erent groups of lines
observed in the spectra of alkali metals. The total number of electrons allowed
in each subshell (x) can be calculated by 2(2l + 1), giving a maximum of 2
electrons in s, 6 in p, 10 in d etc. Atoms (and ions) can be described using the
full electron configuration, or simply by the final state of the outer subshell
(in which case the inner subshells are assumed to be full).
To be more specific, an atom or ion can also be described using its overall
energy state, representing the sum of all its electrons. In this case the notation
is as follows:
2S+1LJ (2.4)
where:
• L is the total orbital angular momentum (represented by capital letters
following the S, P , D, F sequence described above),
• S is the total spin,
• J is the total angular momentum (which ranges between L + S and
|L  S|).
For example, an ion with two electrons in the configuration 1s1 2p1 has
L = 1, S = 0, 1, J = 1 (when S = 0), J = 0, 1, 2 (when S = 1), and therefore
can have four di↵erent energy states: 1P1 (when S = 0) or 3P0, 3P1 or 3P2
(when S = 1).
Within this thesis this notation is used only to distinguish between di↵er-
ent energy states in the important case of He-like triplet emission (see Section
2.6.1).
2.3 Spectroscopic Notation
Spectroscopic notation is slightly di↵erent to other notations used for ions.
For historical reasons, the ground state of each element, known usually as X0
(e.g. Fe0 for iron), is referred to as X I (e.g. Fe I for iron). Therefore the
first ionisation state of each element, or X1+, is called X II (e.g. Fe1+ and Fe
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II respectively). This continues through all ionisation states, so the number
of electrons an ion has lost is n   1, where n is the roman numeral after the
element code in spectroscopic notation.
To complicate things further, X-ray spectroscopic notation is, for more his-
torical reasons, di↵erent to that of other wavelengths (Osterbrock and Ferland
2006). In increasing energy order, these shells are: [X-ray notation (standard
notation, where n is the principle quantum number describing the distance
of the electron from the nucleus)] K (n = 1, the ground state), L (n = 2),
M (n = 3). This notation will not be used substantially in this thesis, apart
from references to the FeK↵ emission line, which represents electrons ‘jump-
ing’ down to the hole left after removing a 1s electron from an ion of iron
and the subsequent photon emitted to conserve energy. The exact energy of
the FeK↵ emission line depends on the ionisation state of the iron ion; the
higher the ionisation state, the higher the line energy (this is not a linear re-
lationship, see Osterbrock and Ferland 2006). For example for Fe16+ the line
energy is ⇠6.4 keV, while for Fe20+ the line energy is ⇠6.5 keV and for Fe23+
is ⇠6.62 keV (Osterbrock and Ferland 2006).
2.4 Isoelectronic Sequences
An isoelectronic sequence is made up of a neutral atom and ions of di↵erent
elements that have the same number of electrons. For example N VI, O VII,
Ne IX and neutral helium all have two electrons, and are therefore all in the
He-like isoelectronic sequence. Ions in the same isoelectronic sequence can be
thought to be very similar as, because of their shared electron configuration,
they produce similar spectra although at di↵erent energies.
The isoelectronic name can be used when describing electron transitions
within ions. The transition names are made by combining two pieces of in-
formation: which isoelectronic sequence the ion is on, and which energy levels
the electrons are transitioning between. If the electrons are transitioning be-
tween the n = 2 and n = 1 levels then the transition is called ↵, and if this
is occuring in an He-like ion then the full name is He↵. If (in the same ion)
the electrons are transitioning between the n = 3 and n = 1 levels, then the
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transition is called He , and so on through the Greek alphabet as the higher
level of n increases.
When these transitions occur within H-like ions (those with one electron,
like hydrogen) then, for historical reasons, these are called Lyman↵ (Ly↵),
Lyman  (Ly ) and so on.
2.5 Line Broadening
Spectral emission and absorption lines have a width related to various pro-
cesses, both physical and instrumental. For an example of instrumental broad-
ening, see Sect. 3.1.1. Three important physical processes are: 1) natural, 2)
Doppler and 3) turbulent broadening.
Natural broadening is a result of the Uncertainty Principle, which dictates
that any energy level within an atom or ion does not have a specifically defined
energy, but instead a small range of possible energies. Therefore transitions of
electrons between any two energy levels correspond not to one specific energy
di↵erence between those levels, but a small range of energy di↵erences. This
causes the line, whether emission or absorption, to have stronger wings and
weaker peak than in a Gaussian profile, in fact presenting a Lorentzian (or
natural) profile. This is a small broadening a↵ect; for allowed transitions this
may lead to a width of 10 6 A˚.
Doppler broadening is caused by the velocity distribution of the atoms or
ions involved in line emission (or absorption). Any gas at a given temperature
T , where the velocity distribution is driven by collisions, will have a Maxwellian
velocity distribution. Individual particles will have a range of energies (and
therefore velocities) centered around the mean value of (3/2)kT . The higher
the temperature, the greater the mean velocity and the greater the spread in
velocities. When thinking about emission (or absorption) lines, the important
velocity component is that in our line of sight, as this causes blue- or red-
shifts in the observed spectrum. For particles of mass m at temperature T ,
the Doppler width (in terms of velocity v) of the observed line corresponds to
(see e.g. Kutner, Marc. L 2003):
v =
✓
3kT
m
◆ 1
2
(2.5)
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which can be converted into wavelength units using the relation (valid for
small v):
v
c
=
  
 
(2.6)
For example, an oxygen ion at 106K would have v = 40 km s 1, correspond-
ing to a broadening of 0.003 A˚ at 22.1 A˚ (the rest wavelength of the O VII
forbbidden line).
The same e↵ect can occur on a much larger scale when bulk gas motions
cause a large range of velocities in our line of sight, for example when gas is
orbiting an object such as an AGN.
Turbulent broadening is defined to be the combination of other e↵ects
which broaden emission and absorption lines. As a physical process for this
combination is not well defined, it is often represented by a Gaussian function.
This can therefore be combined with the Gaussian function used for Doppler
broadening (as the combination of two Gaussians is another Gaussian) to give
a function which combines both Doppler and turbulent broadening. In this
case the width of both Doppler and turbulent broadening (in terms of velocity
vdopp+turb) is represented as: v2dopp+turb = v
2
dopp + v
2
turb
2.6 Distinguishing Photoionised and Collisional gas
2.6.1 He-like Triplets
Ions within the He-like isoelectronic sequence have intense emission lines cor-
responding to transitions between the n = 2 shell and n = 1 ground state
(see Fig. 2.1). They take the form of triplets, composed of the resonance,
forbidden and intercombination lines:
• The resonance line (r or W ): 1s 2p 1P1 - 1s2 1S0
• The intercombination line (i), made up of two individual transitions:
– X: 1s 2p 3P2 - 1s2 1S0
– Y : 1s 2p 3P1 - 1s2 1S0
• The forbidden line (f or Z): 1s 2s 3S1 - 1s2 1S0
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Fig. 2.1: Simplified Grotrian diagram for He-like ions. The ground state is at the base
of the diagram, with increasing energy upwards. The main levels involved in the He-like
triplet transitions are coloured in blue. W (or r), X, Y (or i) and Z (or f) are the res-
onance, intercombination and forbidden lines, respectively. Upward arrows correspond to
the electron collisional excitation transitions (solid) and to the photo-excitation from 23S1
to 23P0,1,2 levels (dashed). Downward arrows correspond to the radiative transitions (in-
cluding 2-photon continuum from the 21S0 to the ground level) (dotted) and recombination
(radiative and dielectronic) plus cascade processes (dashed). The curly arrows represent
electrons recombining to that level of the ion. Adapted from Porquet and Dubau (2000).
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The name of ‘forbidden’ for transitions such as the last one mentioned
above is not strictly true; while these transitions do not fulfill the selection
criteria of quantum mechanics, there is a small probability of them occuring
spontaneously. In low density environments (below the critical density of that
ion, for example a few ⇥109 cm 3 for O VII; Porquet et al. 2010) it is very
unlikely for that state to decay in another way (e.g. collisionally), so forbidden
lines of high intensity can be observed.
The di↵erent types of transitions associated with the He-like triplet and
their dependency on di↵erent processes enable us to use the ratios between
fluxes of these lines as a diagnostic. The standard ratios used are:
R(ne) =
Z
X + Y
(2.7)
G(Te) =
Z + (X + Y )
W
(2.8)
These ratios were developed for use with collisional (solar coronal, opti-
cally thin) gas (Gabriel and Jordan 1969), but have also been investigated
in relation to photoionised gas (Porquet et al. 2010). In a photoionised gas
the dominant process is recombination, which favours the populations of the
3P0,1,2 and 3S1 levels and therefore increases the intensity of the intercombina-
tion and forbidden lines. When the value of G is above 4, the forbidden and
intercombination lines are enhanced relative to the resonance line, and this
can indicate that the gas is predominantly photoionised (Porquet and Dubau
2000). For G to be used, Porter and Ferland (2007) show that the column den-
sity of the emitting gas must be constrained first, as the value of G can change
over two orders of magnitude as the column density changes from 1017 cm 2
to 1024 cm 2 (see Fig. 2.2).
The density sensitivity (value of R) occurs because the 3S1 level can be
collisionally excited to the 3P levels. When the electron density is high (above
the critical density), this process removes electrons from the 3S1 level without
the radiative decay of the forbidden line being able to occur. Therefore the
ratio R reduces above the critical density (see Fig. 2.3). This is not the
only way R can be a↵ected; the 3S1 level can also be photoexcited to the 3P
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Fig. 2.2: Variation of the He-like triplet ratios at di↵erent column densities for a pure
photoionised gas. From Porter and Ferland (2007).
Fig. 2.3: Behaviour of the R ratio at di↵erent densities and temperatures for a pure
photoionised gas. From Porquet and Dubau (2000).
2.6. Distinguishing Photoionised and Collisional gas 53
Fig. 2.4: Figure from Kinkhabwala et al. (2002), showing the di↵erence in the O VII series
between entirely photoionised (PI) emission, photoexcitation (PE) and collisionally ionised
(CIE) emission, and hybid gas with multiple components.
levels if incident UV intensity is high enough at the relevant energies for those
transitions. This suppresses the forbidden line, enhances the intercombination
lines and mimics a high electron density (Porter and Ferland 2007).
The bottom two panels of Figure 2.4 show that these triplet ratios can
sometimes be ambiguous when comparing between photoionisation plus pho-
toexcitation and photoionisation plus collisionally ionised gas. The relative
strength of RRC features (see Section 2.6.3) and higher order lines can distin-
guish between these two scenarios.
2.6.2 Dielectronic Recombination
Dielectronic recombination (DR) is shown in Fig. 2.5 as a two stage atomic
process. The first stage is a free electron being ‘caught’ into a highly excited
state within an ion, and while doing so exciting an existing electron of that
ion into another excited state. This is (usually) an unstable configuration,
therefore one electron (most often the inner of the two excited states) falls back
to the ground level to increase stability (this is shown in the second stage of
Fig. 2.5). The presence of the outer excited electron slightly alters the energy
of this stabilising transition, causing ‘satellite’ emission lines to surround the
normal energy of that particular emission line in the spectrum. The multiple
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Fig. 2.5: Highly simplified Grotrian diagram showing the two-step process of dielectronic
recombination. In the first stage a free electron is ‘caught’ and an inner electron is excited,
and in the second stage both these electrons fall to lower energy levels, releasing photons.
Adapted from Kinkhabwala et al. (2003).
Table 2.1: Rest wavelengths for the He-like oxygen triplet and important surrounding DR
satellite lines. From Audard et al. (2001).
Line type Rest wavelength (A˚)
O VII r 21.60
DR satellite line 21.63
DR satellite line 21.70
O VII i 21.80
DR satellite line 22.02
O VII f 22.10
DR satellite line 22.11
satellite lines arise because of the multiple possibilities for the position of the
outer excited electron. The final part of dielectronic recombination is the outer
electron radiatively decaying to the ground state (also shown within stage two
in Fig. 2.5).
The strength of the DR satellite lines has a steep temperature sensitivity
(Audard et al. 2001), and they are expected to be significant in collisional gas
and negligible for the temperatures expected of photoionised gas (Porquet et al.
2010). Therefore the presence of DR satellite lines can also give an indication
of whether the gas contains any collisional components. As an example, Table
2.1 shows the rest wavelengths of the O VII triplet lines and surrounding DR
satellite lines.
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2.6.3 Radiative Recombination Continua
Radiative recombination continuum (RRC) features are generated when free
electrons directly recombine into the bound state of an ion. The free electrons
can have a range of energies therefore the RRC features are asymmetrical,
extending in energy above the ionisation threshold, and can be very broad.
The width of these features gives a direct measurement of the energy of the
electrons and therefore of the temperature of the gas. Broad (narrow) RRCs
indicate a large (small) range of electron energies, and therefore are observed
from high (low) temperature gas.
The edge energies (E) of all the RRC features and the temperatures ( E)
can be compared in a ratio  E/E to separate photoionised and collisional gas.
A ratio  E/E << 1 is evidence for dominating photoionised conditions.
2.7 Resonance Scattering
When an ion is radiatively excited (it absorbs a photon, and enters an excited
state), it is possible that the ion will de-excite afterwards by emitting a photon
of the same energy as was absorbed. This process is called resonance scattering
and the subsequent photon can be emitted in any direction, therefore is likely
to be travelling in a di↵erent direction compared to the initial photon.
Resonance scattering preferentially a↵ects transitions with the highest
probability of occurring, as these transitions more readily lead to absorption.
For example, the resonance line has higher probability of being absorbed than
the forbidden or intercombination lines within the same He-like triplets (e.g.
for the O VII r line, the transition probablility is 3.467⇥ 1012 s 1, leading to a
timescale of 2.88⇥ 10 13 s; Porquet and Dubau 2000), therefore the resonance
lines are more greatly a↵ected by resonance scattering (as also indicated by
the name of this e↵ect!).
Depending on the geometry of the observed emitting gas, resonance scat-
tering can increase or decrease the observed strength of the resonance lines,
therefore values of the He-like triplet diagnostic G and R ratios (explained in
Sect. 2.6.1) are not always reliable. Other spectral diagnostics, for example
the width of radiative recombination continuum features (see Sect. 2.6.3),
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Fig. 2.6: Illustration of charge exchange. Credit: NASA/CXC/M.Weiss
should be used to confirm dominant conditions in the emitting gas.
2.8 Charge Exchange
Charge exchange emission is caused by the transfer of electrons from neutral
atoms (or molecules) to ions (Fig. 2.6). The neutral atom and the ion collide
with each other, with the ion usually carrying more speed into the collision.
The energy levels of both species are distorted as they collide, and energy
levels from both can overlap so that an electron from the neutral atom can be
transferred to the ion without releasing radiation. If the ion is highly charged
the electron it receives is captured into a high energy level, and it then decays
back to the ground state, releasing an X-ray photon as it does so. This can also
happen between ions, but the electrostatic repulsion between the two nuclei
in that case causes the cross-section to be very small (Wargelin et al. 2008).
Charge exchange has been observed to produce X-rays within our Solar
System, for example where the Solar Wind interacts with cometary comae,
and the Earth’s magnetosphere, and in Jupiter’s aurorae (Dennerl 2010), but
recently evidence is building that this mechanism may be important in star
formation regions as well (Liu and Mao 2015; Wang and Liu 2012).
Charge exchange can be distinguished from collisionally ionised and pho-
toionised emission using a variety of features. The He-like triplet line ratios
produced by charge exchange are easily distinguishable from those produced
from collisionally ionised gas as the forbidden line is strong relative to the
intercombination and resonance lines, giving a high G ratio (see Sect. 2.6.1,
and for a discussion of this ratio relative to charge exchange see Dennerl et al.
2006). RRC features (see Sect. 2.6.3) are not produced from charge exchange
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because free electrons are not involved in charge exchange processes, therefore
the presence of narrow, asymmetrical RRC features distinguishes photoionised
emission from charge exchange.
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Chapter 3
X-ray Observatory Satellites
“I wanted to see what no one had yet observed”
Jules Verne
As the Earth’s atmosphere absorbs X-ray light before it reaches the ground,
all X-ray observations of cosmic sources must be made from space. The first
satellite launched for the sole purpose of X-ray astronomical observations was
NASA’s Uhuru, in 1970. The UK’s first involvement in cosmic X-ray obser-
vations came with Copernicus, launched in 1972, which carried X-ray instru-
ments alongside the main UV telescope.
In the four and a half decades since the early 1970s, great progress has been
made in both X-ray imaging and spectroscopic observational capabilities, with
high spatial resolution mirrors, CCD imaging with good energy resolution,
and high-resolution grating spectrometers on the current generation of X-ray
satellites.
The focus of this thesis is on analysis of data from one of these high-
resolution spectrometers, the Reflection Grating Spectrometer (RGS) onboard
the European Space Agency’s (ESA) XMM-Newton observatory. The remain-
der of this chapter contains details of this satellite, the RGS instrument in
particular, and finally describes plans for new X-ray observatories moving into
the 2020s and beyond.
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Fig. 3.1: Simplified schematic of the light paths through one of the XMM-Newton mirror
arrays. The left diagram shows the light paths for the telescope with the EPIC-pn camera,
and the right diagram shows the equivalent for the telescopes associated with both EPIC-
MOS and RGS instruments. Lengths are not to scale. Image copyright: ESA
3.1 XMM-Newton
ESA’s 10m long and 3.8 tonnes X-ray Multi-Mirror mission, the second mis-
sion of ESA’s cornerstone Horizon 2000 programme, was launched on an Ariane
5 rocket on 10 December 1999. After launch it was renamed XMM-Newton, in
honour of Isaac Newton, one of Europe’s most famous and influential scientists.
The orbit of XMM-Newton is highly eccentric, with an initial perigee
and Southern apogee of 7 000 km and 114 000 km respectively. The orbital
parameters evolve over the mission, for example, the perigee altitude has varied
between 7 000 km and 28 000 km, while the apogee altitude has varied between
114 000 km and 100 000 km.
For roughly 8 hours of the 48 hour period, XMM-Newton is below the
minimum observing altitude (46 000 km), therefore observations are possible
for about 40 hours of each orbit. This minimum observing altitude is set to
protect the instruments from radiation background damage during passage
through the radiation belts around Earth.
XMM-Newton carries one optical-UV (Optical Monitor; OM) and three
X-ray telescopes. The three X-ray telescopes focus light towards the three
European Photon Imaging Cameras (EPIC) and the Reflection Grating Spec-
trometer (RGS). The RGS instrument is described in more detail below, in
Sect. 3.1.1.
The X-ray telescopes are grazing-incidence Wolter Type-I, each com-
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Fig. 3.2: Open view of the main parts of XMM-Newton, for details see text. Image courtesy
of Dornier Satellitensysteme GmbH and ESA with additional labels and coloured bands.
posed of 58 gold-coated mirrors nested in a coaxial and confocal configuration
(Jansen et al. 2001), therefore all the mirrors within one telescope are mounted
on the same axis and have the same focus. The telescope focal length is 7.5m,
with a outer mirror diameter of 70 cm. A simplified diagram of the light paths
through the XMM-Newton telescopes is shown in Fig. 3.1.
The mirror arrays are located within the Service Module at one end of a
long (6.8m) carbon fibre tube, which is the telescope optical bench, and at
the other end the Focal Plane Assembly is located, mounted on which are the
RGS and EPIC cameras and associated radiators. The Service Module also
incorporates the OM, star trackers, and most of the spacecraft sub-systems
(Jansen et al. 2001). All aspects of the spacecraft mentioned so far can be
seen in Fig. 3.2. The solar-array wings, Telescope Sun Shield and antennas
are attached to the outer part of the Service Module.
The EPIC instrument incorporates three CCD arrays, two of which are
made from Metal Oxide Semiconductor and so are referred to as the EPIC-
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Table 3.1: Key performance parameters for XMM-Newton RGS. From den Herder et al.
(2001)
Parameter Performance
Wavelength range (first order) 6-38 A˚
Resolution (line separation)  /  (FWHM) 100-500
Resolution (weak line detection)  /  (HEW) 100-800
Peak e↵ective area (Aeff ) 140 cm2
Wavelength accuracy (  ) 8mA˚
MOS cameras (Turner et al. 2001), and the third uses implanted p-n junc-
tion semiconductor technology so is therefore referred to as EPIC-pn (Stru¨der
et al. 2001). The RGS gratings are installed behind two of the three X-ray tele-
scopes, directing about half the focused flux towards the two RGS cameras; the
remaining flux from these two telescopes is directed towards the EPIC-MOS
cameras. EPIC-pn has an unobstructed view of the entire flux from the third
X-ray telescope. The EPIC cameras operate in photon counting mode, and
produce simultaneous imaging and non-dispersive spectroscopy using the CCD
detectors’ intrinsic energy resolution. Over a field of view of 30 arcmin and an
energy range 0.15-12 keV, EPIC gives moderate spectral (E/ E ⇠ 20   50)
and angular resolution (on-axis full width half maximum: FWHM ⇠ 6 arcsec
and half energy width: HEW ⇠ 15 arcsec, set by the telescope, and a little
dependent on energy).
The Optical Monitor (OM; Mason et al. 2001) is an optical-UV telescope,
co-aligned with the X-ray telescopes, and the first to be flown on an X-ray
satellite. OM incorporates a filter wheel so the user can choose between six
broadband filters (V, B, U, UVW1, UVM2, UVW2) for photometry, a white
light filter, a UV or an optical grism (a grating-prism combination) for low
resolution spectroscopy or a magnifier lens for higher spatial resolution (3800-
6500 A˚). The final filter wheel position is blanked o↵ and can serve as a shutter.
3.1. XMM-Newton 62
Fig. 3.3: Schematic layout of RGS, from Brinkman et al. (1998)
3.1.1 Reflection Grating Spectrometer
The Reflection Grating Spectrometer (RGS; den Herder et al. 2001) operates
in the wavelength range 5-38 A˚, with a spectral resolution ( /  ) of 100-500
(see Table 3.1). This wavelength range includes a large number of diagnostic
spectral lines from hydrogen- and helium-like ions of C, N, O, Ne, Mg and Si.
The RGS is made up of two spectrometer chains, intercepting X-ray photons
from two of the three X-ray telescopes onboard XMM-Newton. Each one
uses a Reflection Grating Array (RGA) to deflect and disperse around 53%
(ignoring obstruction by telescope structures) of the light towards one of the
RGS focal plane cameras (RFCs). An RGA is a grating stack composed of 182
identical gratings, each 10 cm⇥ 20 cm. The gratings are located on a toroidal
surface along the Rowland circle (which also passes through the telescope main
focus and the RGS first order blaze focus). This is shown in Fig. 3.3. The
gratings are mounted at grazing incidence to the X-ray beam in the classical
in-plane configuration, so the incident and di↵racted X-rays are in a plane
perpendicular to the grating grooves. The X-rays hit the grating at an angle
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Fig. 3.4: Comparison of predicted and measured FWHM resolution for RGS. From den
Herder et al. (2001).
↵ with respect to the plane of the grating, which has triangular grooves tilted
at an angle   with respect to that plane. The X-rays are dispersed towards
the RGS camera at an angle   with respect to the grating plane (Fig. 3.3).
From the event position on the detector, the wavelength of the X-ray
photon ( ) is calculated using the dispersion equation:
cos   = cos↵ +
m 
d
(3.1)
where m is the spectral order (-1, -2,...), d is the groove spacing and ↵ and  
are the angles between the incoming ray and the grating plane or the outgoing
ray and the grating plane respectively (ESA XMM-Newton SOC 2016). Note
that   =   +  , where   and   are shown in Fig. 3.3.
The spectral resolution of a reflection grating spectrometer is (see e.g.
Porter, F. S. and Brown, G. V. and Cottam, J. 2005):
   =
d
m
sin↵ ↵ (3.2)
where  ↵ = the intrinsic angular resolution of the telescope. Therefore small
angular resolution  ↵ and groove spacing d contribute to a high spectral
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Fig. 3.5: The in-flight e↵ective area for RGS1 in black and RGS2 in red. The gaps between
the CCDs and the failing read-out of CCD7 in RGS1 and CCD4 in RGS2 are clearly visible,
the narrow drops in the curves are due to corrections for cosmetic blemishes. From the July
2015 XMM-Newton Calibration Technical Note.
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resolution. The FWHM spectral resolution for both RGS chains, first and
second spectral orders, is shown in Fig. 3.4 (about 0.06 A˚ for the first order
RGS1 spectra).
In addition, the spectral resolution for extended sources is a↵ected by the
extent of the source:
  (ext) = 0.138
✓(ext)
m
(3.3)
where   (ext) is the resolution in A˚ for an extended source, and ✓(ext) is the
source extent in arcminutes (ESA XMM-Newton SOC 2016). For moderately
extended sources RGS still has a superior spectral resolution to EPIC. For
example, the 2’ angular extent of 1E 0102.2-7219 (a supernova remnant in the
Small Magellanic Cloud) gives a resolution ( /  ) of 80 at 22 A˚ in first order.
The two RFCs each incorporate nine back illuminated CCDs, which oper-
ate in single photon counting mode, and are mounted in a row along the cur-
vature of the Rowland circle (see Fig. 3.3). The CCDs are cooled to -110 C,
reduced in November 2002 from the launch value of -80 C. This reduction in
temperature decreases the dark current and the e↵ect of charge transfer in-
e ciency (CTI) consequent to radiation damage on the energy resolution of
the CCDs (de Vries et al. 2015). Cooling is achieved by a two-stage radiator,
and three nested thermal shells, the first of which also contains four internal
calibration sources (den Herder et al. 2001).
One CCD from each RFC failed shortly after launch, so in the 10.6-
13.8 A˚ (RGS1) and 20.0-24.1 A˚ (RGS2) wavelength ranges the e↵ective area
is roughly half of the original. Unfortunately, the failed RGS2 CCD covers the
wavelength range including the O VII He-like triplet for nearby objects. The
redundancy built into RGS by having two chains means that this important
spectral feature can still be measured, but the signal to noise is smaller than
if both detectors were working. The interchip gap between adjacent CCDs
is about 0.5mm, corresponding to 85mA˚ and 45mA˚ at short and long wave-
lengths respectively. Both the failed CCDs and interchip gaps can be seen in
the e↵ective area plot, Fig. 3.5. The maximum e↵ective area achievable when
combining RGS1 and RGS2 first order spectra is 125 cm 2 at 15 A˚, with a
wavelength accuracy of 6mA˚ (July 2015 XMM-Newton Calibration Technical
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Fig. 3.6: The RGS1 and RGS2 ‘banana plots’ from observation 0692840201 of NGC 1365.
The X-ray events from first and second order spectra can be seen within the curved regions,
the calibration sources show up as brighter rectangles and the failed CCDs as vertical black
stripes.
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Note).
The intrinsic energy resolution of the CCDs allows to separate the first
and second order spectra from each other (den Herder et al. 2001), and from
the calibration sources, as shown in Fig. 3.6 where for each X-ray photon the
CCD energy channel is plotted against dispersion angle beta. These plots are
known as ‘banana plots’ because of the curved shape of the first and second
order spectra.
RGS has three operating modes for science data acquisition: Spectroscopy,
Spectroscopy HCR and Small Window. The vast majority of data are acquired
in Spectroscopy mode, in which all CCDs are read out every 4.8 s for RGS1 and
every 9.6 s for RGS2. Only objects with expected high count rates need to be
observed in either of the other two modes. The standard Spectroscopy mode
simultaneously takes science data (which are processed on-board in order to
select only true X-ray events for telemetry) and diagnostic images (one full
CCD image of each RGS is telemetred every 1500 s). The latter is not done
in Spectroscopy HCR (high count rate) mode so that bright sources can be
observed without data loss. In Small Window mode only the central 32 of
the 128 CCD rows in the cross dispersion direction are read out, allowing
the e↵ects of pile up in very bright sources to be mitigated. This is only
relevant for roughly the 20 brightest X-ray sources (XMM-Newton Science
Operations Centre Team 2014). Finally, there is a Multipointing Mode in
which multiple exposures of the target are taken, each with the spacecraft
pointing slightly o↵set so that important spectral features fall on di↵erent
pixels of the detectors and out of the gaps between the CCDs. This reduces
the e↵ect of any pixel sized defects on the final (combined) spectrum (XMM-
Newton Science Operations Centre Team 2014).
3.2 Future of X-ray Satellites
The future of X-ray astronomy is focused on ESA’s future mission ATHENA,
and the new observational possiblities it brings (see Sect. 3.2.1 below). Be-
fore that, the field will rely on the continuation of current observatories, and
possibly on new missions such as:
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• Astro-H2 : After the loss of Hitomi (Astro-H ; Takahashi et al. 2014)
in 2016, JAXA and NASA are discussing1 the financial and logistical
aspects of building another telescope to recover the science aims from
Hitomi. This would include a copy of the Soft X-ray Spectrometer (SXS)
instrument enabling non-dispersive spectroscopy with spectral resolution
comparable to RGS over 0.3-12 keV. Proposed launch date: 2020
• Arcus : This is a proposal for NASA’s Midex call, using an ATHENA style
telescope (silicon pore optics, with 12m focal length) and a reflection
grating style spectrometer to deliver a resolution 10 times better than
RGS (R ⇠ 3000) over 8-50 A˚ and an e↵ective area more than four times
greater (>500 cm2; Smith et al. 2016). Proposed launch date: 2023.
• X-ray Surveyor :2 X-ray Surveyor is a large (strategic) mission concept
identified in the 2013 NASA Astrophysics Roadmap. This is currently
in a Mission Concept Study phase, which will likely be used to inform
NASA’s 2020 Decadal Survey (along with other studies). The concept
of X-ray Surveyor is to have 50 times larger e↵ective area than Chan-
dra (which has 800 cm 2 at 0.25 keV), with similar angular resolution, a
spectral resolution from gratings of 5000 in the soft X-ray range, and a
much larger field of view than Chandra. This mission is in early stages
of planning, so there is no proposed launch date yet.
3.2.1 ATHENA
Much of the information in this section is from the ‘ATHENAmission proposal’
(Nandra et al. 2014).
ATHENA was chosen by ESA’s Science Programme Committee (SPC)
in June 2014 to be ESA’s L2 mission (the second large class mission within
its Cosmic Vision 2015-2025 programme), due to launch in 2028. Technology
development and planning are already underway and construction will start
in 2019, subject to review and final approval by the SPC that year.
The mission name is an acronym for “Advanced Telescope for High-
1As quoted by spacenews.com, 21 July 2016
2http://wwwastro.msfc.nasa.gov/xrs/
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Fig. 3.7: Arrangement of ATHENA pores: modules are arranged in six sectors and nineteen
rings are needed to populate the aperture. From Nandra et al. (2014).
ENergy Astrophysics”, as well as sharing the name of the Ancient Greek
goddess of wisdom and daughter of Zeus.
The X-ray telescope is planned to have a 12m focal length, and be made
using silicon pore optics (SPO) technology, which enables a high collecting
area to mass ratio (Willingale et al. 2013). In SPO, each ‘pore’ is e↵ectively a
small sector of a Wolter type-I telescope, where two reflections from the inner
surfaces of the pore direct the X-rays to a common focus point. Overall there
will be 19 rings of these pores, manufactured in six sectors (see Fig. 3.7).
The baseline e↵ective area is 2m2 at 1 keV as originally proposed, although a
possible descope to 1.4m2 has been considered to reduce mission costs (by re-
ducing the telescope diameter) (Athena Science Working Group 2.3, Feedback
in Local AGN and Star Forming Galaxies 2015).
ATHENA will have two instruments, the X-ray Integral Field Unit (X-
IFU) and the Wide Field Imager (WFI). The X-IFU will be an X-ray mi-
crocalorimeter spectrometer, capable of spatially resolved high-resolution spec-
troscopy over a limited field of view. As a calorimeter, it will detect the heat
pulses generated by X-ray photons when they are absorbed by the detector.
The temperature increase is proportional to the photon energy, and measured
as the change in electrical resistance of the detector (den Herder et al. 2012).
The X-IFU requirements (as of July 2016) are shown in Table 3.2 (from Bar-
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Fig. 3.8: Simulated ATHENA observations of the Perseus cluster, highlighting the ad-
vanced capabilities for revealing the intricacies of the physical mechanisms at play. The left
panel shows a simulated 50 ks X-IFU observation (0.5   7 keV), displayed on a colour log
scale. The spectrum on the right is from the single 5”⇥ 5” region marked by the box, with
the existing Chandra ACIS spectrum for comparison. The inset shows the region around
the iron L complex. This figure was originally published in Croston et al. (2013)
Table 3.2: Key performance requirements for the ATHENA X-IFU. TES stands for Tran-
sition Edge Sensors. From Barret et al. (2013)
Parameter Requirements
Energy range 0.3-12 keV
Energy resolution: E < 7 keV 2.5 eV (240⇥ 250µm TES pixel)
Energy resolution: E > 7 keV E/ E = 2800
Field of View 5’ (diameter) (3840 TES)
Detector quantum e ciency at 1 keV >60%
Detector quantum e ciency at 7 keV >70%
Time resolution 10µs
Non X-ray background < 5 10 3 counts s 1 cm 2 keV 1
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ret et al. 2013) and as an example the simulated image and spectrum of the
Perseus cluster of galaxies are shown in Fig. 3.8. The final details of the
X-IFU may alter before launch (2028).
ATHENA was chosen to address the ‘Hot and Energetic Universe’ science
theme, and therefore to answer two key astrophysical questions:
1. How does ordinary matter assemble into the large-scale structures we see
today?
2. How do black holes grow and shape the Universe?
To answer the first question, ATHENA will map large scale hot gas struc-
tures throughout the Universe and track how they evolved as the Universe
evolved. The second question is more relevant to the topics in this thesis, as
it requires understanding the inflows and outflows of supermassive black holes
as they grow over time.
Part of answering this second question is quantifying the energy contained
in AGN outflows, and understanding how they interact with their host galaxy.
ATHENA’s collecting area together with the high spectral resolution of the
X-IFU will combine to give key insights into absorbing and emitting outflows
within AGN.
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Chapter 4
Data Reduction and Analysis
Techniques
“Nothing ever happens like you imagine it will”
John Green
4.1 Data Reduction: RGS
The Observation Data Files (ODFs) for each RGS observation are pro-
cessed with the Science Analysis Sytem (SAS) metatask rgsproc to produce
background-subtracted spectra and response matrices for each spectral order
(1st and 2nd) and each chain (RGS1 and RGS2). This therefore gives four
source spectra per observation. The background-subtracted spectra still in-
clude information on the background level for each bin. High-background time
intervals were filtered out by imposing a threshold of 0.15 counts s 1 on the
lightcurve extracted from a background region of CCD-9, the CCD closest to
the optical axis and therefore most a↵ected by background flares.
Using the standard data reduction pipeline, SAS, it is possible to combine
spectra from the same or both RGS chains (RGS1 and/or RGS2), over many
observations, as long as they are all the same spectral order (1st or 2nd). It is
not possible to combine all data from both detectors and both spectral orders
over many observations.
The following data reduction section is based on work done by Jelle Kaas-
tra, as an extension of Kaastra et al. (2011). The data used in Chapters 5 and
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6 of this thesis were reduced following this method. This also allows combina-
tions of spectra with di↵erent occurrences of bad pixels and from the multi-
pointing mode (such as for the NGC 5548 campaign, described in Mehdipour
et al. 2015).
While the data reduction process within Kaastra et al. (2011) allows both
spectral orders and chains from RGS observations to be combined, the authors
state that only  2 statistics may be used to analyse the spectra produced, as
information on the background level is not carried through the process. This
is because fluxed RGS spectra created by SAS do not include background
information for each bin. Cash statistics (C-statistic) cannot be used correctly
without this information and therefore is not appropriate for use on any spectra
produced this way.
Individual spectra used in this thesis have low numbers of counts per bin
(the average number of source and background counts per bin can be as low
as 5), and therefore  2 is not the appropriate goodness-of-fit parameter. In
order to use C-statistics the data reduction process had to be altered from
that described in Kaastra et al. (2011), so the background and source count
information is retained.
The spectra from the SAS are converted into spex (Kaastra et al. 1996)
format using the auxiliary program trafo, then the first order spectra from
both detectors are fitted together with a preliminary model using spex. This
model only needs to empirically describe the data, it does not need to be
physically motivated.
At this point the empirical model is used to convert all four spectra for
that observation into fluxed spectra (in photons s 1m 2 A˚ 1, instead of the
previous counts s 1m 2 A˚ 1, and including information on background). Then
they can be combined, taking into account the detector and spectral order
combinations. The second order spectra are weighted di↵erently to the first
orders, to reflect the greater signal to noise and number of counts in the first
order spectra.
Now there is one spectrum for each observation, which can be combined
with others to provide a stacked spectrum, using a process very similar to the
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Fig. 4.1: Simple flowchart representing the main stages of spectral fitting. Adapted from
the spex Reference Manual, version 3.
rgsfmat auxilary function in spex. This also creates the relevant response files
for both the stacked and individual observations.
4.2 Spectral Fitting
When fitting astronomical spectra, the aim is to understand physical param-
eters of the source. This is done by comparing the expected spectrum, given
a physical model convolved with an instrument response, with the observed
spectrum. The instrument’s response can alter the observed spectra in many
ways, for example the continuum shape will depend on how the reflectivity
of the mirror and e ciency of the detector vary over di↵erent energies (e↵ec-
tive area), background components may be added (instrumental noise) and
spectral lines may be blurred by the spectral resolution.
Figure 4.1 shows a simplified flowchart of the whole spectral fitting process
(based on the SPEX manual). Important elements of the ‘physical model’,
‘spectral model’, ‘instrumental parameters’ and ‘fitting criteria’ are described
within this thesis in Chapters 1, 2, 3 and below respectively.
4.2.1 Goodness of Fit Measures
 2 fitting is the default method to test how well a model fits to data within
X-ray spectral packages. This method assumes that each bin contains enough
counts that the underlying distribution of the di↵erence between the expected
and observed number of counts is Gaussian. This is fundamentally untrue
when the number of counts in each bin is low (under 15: Humphrey et al.
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2009) because then the underlying distribution is Poissonian, not Gaussian.
When fitting with the  2 method, the function being evaluated is:
S =
NX
i=1
(ni   ei)2
ei
(4.1)
where N = the number of bins, ni = the observed number of counts in bin i
and ei = the expected (or modelled) number of counts in bin i. This allows us
to minimise the square of the distances between the model and data (expected
and observed).
The C-statistic (named after Webster Cash, who described this method
in Cash 1979) is the equivalent function derived from an underlying Poisson
distribution, giving:
C =  2
NX
i=1
(ni ln ei   ei   lnni!) (4.2)
which allows the minimisation of the natural log of the distances between the
model and data (expected and observed).
In spectral fitting packages, this C-statistic equation is altered by approx-
imating the lnni! term as ni lnni + ni (Sterling’s approximation). As these
modifications are to terms that only depend on the data, they do not alter the
best fit parameters which minimise the C-statistic function. Finally the minus
sign is brought inside the brackets, to help the reader, so the final function
which is evaluated in spectral fitting packages (such as spex) is:
C = 2
NX
i=1
( ni ln ei + ei   ni + ni lnni) (4.3)
At high counts (within bins) the Poisson distribution tends towards the
Gaussian distribution, therefore the C-statistic is an appropriate method to
use also in this regime.
When using C-statistic to fit models in spex, as well as the calculated C-
statistic value, spex also gives the expected C-statistic value and its standard
deviation (also called root mean square uncertainty, or r.m.s.) to help the user
determine the goodness-of-fit (see spex manual).
The mean, or expected, C-statistic (Ce) for each bin is calculated by:
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1. Taking the observed number of counts per bin as the expected value (n)
of a Poisson distributed variable
2. Calculating the C-statistic for a certain number of counts in that bin (k):
2(n  k + k ln k   k lnn)
3. Weighting this by the probability of that number of counts, i.e. multi-
plying by the probability of k given the Poisson distribution is centered
on n (Pk(n))
4. Summing over every possible value of k (0 to 1)
The equation used to calculate this is then:
Ce = 2
1X
k=0
Pk(n)(n  k + k ln k   k lnn) (4.4)
This can be summed over all bins to give the overall expected C-statistic for
the spectrum.
The variance of the expected C-statistic for each bin (Cv) is calculated by
using the Poisson distribution outcome that:
r.m.s2 = variance = m¯2   m¯2 (4.5)
which states that the variance (which equals r.m.s.2) can be calculated by
taking the square of the mean value of m (m¯2) away from the mean value of
the square of m (m¯2), if m is the measured value in a Poisson distribution,
and m¯ is the average (mean) m over many observations.
The expected C-statistic per bin, Ce, as calculated above is m¯, and simi-
larly m¯2 is:
m¯2 = 4
1X
k=0
Pk(n)(n  k + k ln k   k lnn)2 (4.6)
Therefore Cv is m¯2   C2e .
Humphrey et al. (2009) demonstrate that in multiple situations, including
when fitting physical models to X-ray spectral data, the C-statistic is a less
biased estimator than  2, even at high numbers of counts per bin.
Humphrey et al. (2009) defined a value they called ‘fractional bias’, fb:
fb =
bias
statistical error
=
pobs   preal
standard deviation of pobs
(4.7)
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where pobs and preal are the observed and real values of the interesting param-
eter.
They simulated an X-ray emitting, collisional gas for 1000 di↵erent com-
binations of temperature, metal abundance and total counts in the spectrum.
The simulated spectra were regrouped to ensure at least 20 photons per bin,
and then the authors proceeded to use both  2 and C-statistic to fit the data,
trying to recover the correct gas temperature. The results show that even in
this nominal  2 regime, the  2 derived gas temperatures had a |fb| of 0.5-1
when the total counts in the spectrum were above 104. The C-statistic derived
gas temperatures consistently have |fb| ⌧ 0.2, and in this case |fb| is not a
function of the total number of counts in the spectrum, making C-statistics a
less biased estimator to use than  2 for at least this class of problem.
The high spectral resolution of RGS ( /   ⇠ 340 at 22 A˚; den Herder
et al. 2001) compared to lower resolution X-ray spectrometers leads to more
detailed models being needed to fully describe the data. Knowledge of many
aspects of these models is not yet complete (for example presence of additional
astrophysical components in the line of sight towards the source and imper-
fect atomic data) as well as the continued existence of imperfect instrumental
calibration, systematic e↵ects and statistical fluctuations, so there will neces-
sarily be di↵erences between the data and the best physical model that can be
found. As discussed in Blustin et al. (2002), the use of goodness-of-fit statistics
when modelling RGS data must be coupled with careful consideration of the
physical meaning of the models, as physical self-consistency is more important
than reaching a nominally “acceptable” goodness-of-fit value.
4.2.2 spex
All spectral fitting in this thesis has been done using spex (versions 2.6-
3.0, stated where necessary). The name spex stands for SPEctral X-ray,
and refers to a software package for modelling and analysing both X-ray and
UV spectra. spex includes a number of physical models of X-ray and UV
emitting and absorbing gas, including more than a million spectral lines from
30 elements (H to Zn).
The standard abundances used in spex, and for all the work in this thesis,
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are those published by Lodders et al. (2009). These are proto-Solar abundances
because they were measured from carbonaceous meteorites rather than the
Solar photosphere, therefore avoiding abundance changes since the beginning
of our Solar System from both nucleosynthesis and settlement within the Sun.
The main spex models used for the work in this thesis are:
• hot : a collisional ionisation equilibrium absorption model which mimicks
the absorption of a neutral gas when set to a low electron temperature.
This is used to model the Galactic absorption column density in the
relevant line of sight by setting the correct column density value and a
temperature of 0.5 eV.
• reds : a redshift model. If a photon is emitted at energy E, this model
shifts it to energy (1 + z)E, where z is the redshift value.
• pow : a power law model. This model can also be used to fit a broken
power law, but the only parameters varied in this thesis are the slope
and normalisation of a single, unbroken power law.
• xabs : a photoionised absorption model, where all ionic column densities
are linked through a photoionisation model represented by the ionisation
parameter ⇠. The column density, velocity, covering factor and abun-
dances can also be varied.
• cie: a collisionally ionised emission model. The emission is calculated
for collisional ionisation equilibrium at a given gas temperature, by first
calculating the ionisation balance and then the X-ray spectrum. The
abundances of the gas can also be varied.
• gaus : a Gaussian emission line model. The normalisation, energy (or
wavelength) and width of the line can be varied. The width parameter
is the full width half maximum (FWHM), which relates to the Gaussian
width   by FWHM = 2.3548 .
• vgau: a Gaussian velocity broadening model, which can be applied to any
emission models. Characterised by the Gaussian sigma value in km s 1.
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• rrc: a simplified model to calculate radiative recombination continua
features. The emission measures of each ion are fitted separately, without
connecting them via an ionisation balance.
• file: a model read from a user input. The filename for the input and
normalisation of this model are the only variables. Within this thesis,
this model was used to fit Cloudy simulated spectra to data within
spex.
4.3 Cloudy
Cloudy is a microphysics code, designed to simulate physical conditions
within photoionised clouds. To do this it simultaneously solves equations
of statistical and thermal equilibrium, ionisation-neutralisation balance and
heating-cooling processes to model the ionisation, chemical and thermal state
of material within those clouds. This section, describing how Cloudy works,
uses information from the code’s documentation (the Quickstart guide, and
Hazy 1 and 2) and website1. Cloudy was last described in academic literature
by Ferland et al. (2013).
Given an input, Cloudy will output the predicted emission-line spectrum.
This output spectrum is over the range 100MeV (gamma-rays) - 10m (radio)
and the calculations are valid within a temperature range of 2.7 K (CMB)
- 1010 K. The upper limit to the temperature range is caused by the e↵ects
of electrons travelling at relativistic speeds at temperatures above this limit.
There is no low density limit to these calculations, although they become
computationally demanding below 100 cm 3. At high densities the Saha-
Boltzmann equation is recovered as local thermodynamic equilibrium (LTE)
is reached.
The input must describe three items, simply summarised as: i) the amount
of energy hitting the cloud, ii) what the cloud is made from and iii) the geom-
etry of the cloud. These three items are more accurately described as: i) the
shape (SED) and intensity of the external radiation field striking a cloud, ii)
the chemical composition and grain content of the gas, and iii) the geometry
1www.nublado.org
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Fig. 4.2: Illustration of radiation fields used or computed by Cloudy. From Hazy 1
(Cloudy Documentation)
of the gas, including cloud radius limits and dependence of density on radius.
The intensity can be defined in multiple ways, for the work in this thesis it
has been specified by the ionisation parameter of the illuminated face of the
cloud.
Cloudy makes two main assumptions for its calculations: energy is con-
served over the entire wavelength range, and atomic processes have reached
a steady state. The first assumption means that any energy absorbed by
the cloud will be re-emitted by an appropriate process, therefore may be re-
emitted in a di↵erent wavelength band. The second assumption is only valid
if the cloud has existed longer than the longest timescale for atomic processes
within that cloud. This can be checked as, within the Cloudy output, the
longest timescale for relevant atomic processes is given. This should be com-
pared with the observed timescale of variation of the cloud.
The photoionised cloud is then divided into a set of thin concentric shells,
called zones. The calculations begin at the illuminated face of the cloud, and
once they have reached the end of the cloud the whole process is iterated so
that the zones are thin enough for the physical conditions across each of them
to be approximated as constant. Typically 100-200 zones are computed in a
cloud.
There are numerous possible outputs fromCloudy because, depending on
the geometry of the system, the user may want to model emission in di↵erent
directions.
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Several di↵erent radiation fields are computed during these calculations;
these are shown in Fig. 4.2. The incident radiation field is specified by the
input, and is the radiation field striking the illuminated face of the cloud.
The di↵use radiation field is emitted by gas and grains within the cloud and
consists mainly of emission lines.
In terms of emission from the cloud, there are two directional components:
reflected and transmitted. The reflected emission is from the illuminated face
of the cloud (illuminated by the source), travelling back towards the source.
The transmitted emission is the emission from the shielded face of the cloud
and travels outwards (away from the source).
Each computed Cloudy reflected spectrum includes di↵use emission from
within the cloud and scattered (absorbed and re-emitted) radiation from the
intrinsic continuum, therefore it includes only narrow emission lines and a
scattered continuum. The transmitted spectrum is computed as total emission
in that direction, therefore includes the attenuated incident radiation as well
as di↵use emission from the cloud. These components are also output directly
from Cloudy as separate spectra.
After completing the relevant work in this thesis it was discovered (through
the Cloudy Yahoo Discussion Group; Topic 2624) that the ionisation param-
eter ⇠ value used by Cloudy v.13.03 is defined over a di↵erent energy range
(13.6 eV to the high energy limit of the code) compared to the one used in the
X-ray literature (13.6 eV - 13.6 keV). Applying another form of the ionisation
parameter (U) that Cloudy uses I converted it into the usual ‘X-ray litera-
ture ⇠’ and found that the Cloudy values are systematically 0.2 higher (in
log ⇠) than the standard formulation used in X-ray literature (for the main
SED used in this thesis). This discrepancy between the two formulations of ⇠
will be resolved in later versions of Cloudy, as the next version of Cloudy
will be made to match the standard X-ray literature. The values currently
quoted in this thesis are the ‘Cloudy ⇠ values’, for ease of comparison to any
other work based on Cloudy version 13.03 or previous.
One implication of this discrepancy is that previous work comparing AGN
warm absorber phases in the X-ray and UV regimes may benefit from being
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Fig. 4.3: Example reflected outputs from Cloudy with di↵erent ionisations. The di↵erent
ionisation outputs are o↵set from each other along the y-axis (shown in log format, not
linear) for viewing purposes.
revisited, if Cloudy was used to calculate ⇠ values for gas at only one of these
energies.
4.3.1 Using Cloudy Spectra within spex
Cloudy calculates the spectrum for each of its output options over a grid of
input values. The modelling and spectral fitting work in Chapters 5 and 6 uses
a parameter range of log ⇠ = 0.1-3.3 (17 steps of 0.2), hydrogen column density
= 1021-1024 cm 2 (13 steps of 100.25) and turbulent velocity = 101-103.5 km s 1
(six steps of 100.5). This gives (13 ⇥ 17 ⇥ 6) 1326 simulated spectra in total.
Example output from Cloudy are shown in Figure 4.3
These are output from Cloudy as XSPEC table models, which can then
be converted into SPEX file models2. These spectra can then be compared
with the data one by one, using an automated fitting process. For the work in
this thesis, the automated fitting process is run using Python. Throughout
this process there is no interpolation applied between the Cloudy generated
spectra.
2This step will be superfluous in future, as with spex v.3.02.00 onwards it is possible to read in
and use XSPEC table models directly
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Chapter 5
NGC 5548: X-ray Narrow Emission
Lines (2013-14)
”The more you learn, the more you realize how little you know.
Still, the struggle itself is worthwhile”
Joe Abercrombie
5.1 NGC 5548 - Observational History
NGC 5548 is a well studied, nearby (z = 0.017175) AGN historically showing
typical Seyfert 1 behaviour, with strong broad emission lines and a small
number of narrow emission lines across its optical, UV and X-ray spectra (e.g.
Korista et al. (1995), Peterson et al. (1994), Chiang et al. (2000) and Kaastra
et al. (2000)).
NGC 5548 is included in Carl K. Seyfert’s first work discussing “extra-
galactic nebulae with high excitation nuclear emission lines” (Seyfert 1943);
not as one of the 6 focussed on, but mentioned as another ‘known’ nebula of
that proposed type. Since then this object has continued to reveal new AGN
science over a series of observations and campaigns.
Branduardi-Raymont (1989) found, from EXOSAT data, a consistent soft-
excess component in the X-ray band, present at all times except when the
source was weakest. Correlated spectral variability was also seen over X-
ray, UV and optical observations. NGC 5548 then became the first ‘AGN
watch’ target, where a co-ordinated campaign of optical and UV observations
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over eight months allowed reverberation mapping of the BLR to be feasible,
showing evidence for ionisation stratification of this region (see Peterson (1993)
and references therein).
More recently, with the advances in X-ray spectroscopy from Chandra and
XMM-Newton, NGC 5548 was the first Seyfert 1 galaxy to be observed using
high-resolution (E / E⇠ 100-500) spectroscopy in the soft X-ray band. These
data showed the presence of narrow X-ray absorption lines in AGN spectra for
the first time (Kaastra et al. 2000). This also allowed details such as Doppler
shifts and line broadening to be detected for the first time, showing that these
X-ray narrow absorption lines are produced by ionised outflowing material,
referred to as warm absorbers. Evidence for warm absorber signatures have
been found in roughly half of observed Seyfert galaxies (Blustin et al. 2005). In
particular, NGC 5548’s warm absorbers show evidence of long-term stability
in ionisation and kinematics (Steenbrugge et al. 2005).
More recent optical and UV observations of NGC 5548 have continued
to produce new results; dynamical modelling based on reverberation mapping
data from 2008 has given the most detailed picture of the geometry of the
BLR, estimating a distance of ⇠2-5 light days from the central source and an
observed inclination angle of ⇠32o (Pancoast et al. 2013).
5.1.1 2013-2014 Multi-Wavelength Campaign: Main Result
Between June 2013 and February 2014, a multi-wavelength monitoring cam-
paign targeted NGC 5548, using six space and two ground based observatories
(XMM-Newton, Chandra, HST, NuSTAR, Swift, INTEGRAL, Wise Observa-
tory, Israel (WO) and Observatorio Cerro Armazones (OCA)). The timeline
of this campaign is shown in Fig. 5.1, the observation log in Table 5.1 and
details of each instrument’s data reduction is presented in Mehdipour et al.
(2015).
As shown in Fig. 5.2 the soft X-ray flux in the first 2013 observation
was 25 times weaker than the typical median in grating observations taken
by Chandra in 2002. This suppression of the soft X-ray spectrum continued
throughout all 14 XMM-Newton observations within the campaign.
The 2013 hard X-ray flux (above 10keV) shows a characteristic powerlaw
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Fig. 5.1: Timeline of the 2013-2014 multi-wavelength campaign on NGC 5548 undertaken
by Kaastra et al. (2014). The thickness of each rectangular symbol on the time axis is
indicative of the length of that observation. The days in which Swift, Wise observatory and
OCA made observations are indicated by crosses. From Mehdipour et al. (2015)
Fig. 5.2: The heavily obscured X-ray spectrum during summer 2013. The unobscured
Chandra LETGS spectrum taken in 2002 is shown for comparison. The 2013 spectrum is
obtained from 12 XMM-Newton, two NuSTAR, and four INTEGRAL observations. ’pn’
stands for XMM-Newton EPIC-pn. From Kaastra et al. (2014)
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Fig. 5.3: Averaged 2013 HST COS spectrum in F  as a function of wavelength compared
with the 2002 STIS spectrum, showing the broad UV absorption lines in 2013. From Kaastra
et al. (2014)
shape, consistent with the median flux level of the 2002 Chandra observation.
Below 10 keV the spectrum is cut o↵, and reaches a very hard e↵ective photon
index, before flattening again below 1 keV. In this flattened range there are
clear narrow emission lines and radiative recombination continua from pho-
toionised gas. The intensity of the strongest emission line, the O VII forbidden
line, appears only slightly below its 2002 intensity.
Kaastra et al. (2014) conclude that obscuring material is absorbing the soft
X-ray continuum. This obscuring material must be inside the X-ray narrow
line region because the narrow emission features are not suppressed compared
to historical data.
Six of the 14 XMM-Newton observations were taken simultaneously with
UV spectra from the Hubble Cosmic Origins Spectrograph (COS).
These UV observations show many narrow absorption lines at the same
velocities as previously known warm absorber components (see Fig. 5.3), but
from gas with a lower ionisation. This shows that the warm absorber is now
being irradiated by a less ionising flux from the central source.
The UV spectra also show broad, blue-shifted absorption troughs at ion-
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Fig. 5.4: X-ray and UV light curves of NGC 5548 obtained with Swift between 2005 and
2014. Vertical lines separate the five years shown here. Horizontal dashed lines show the
average flux or hardness ratio measured with Swift during 2005 and 2007 in an unobscured
and optically low state. The data have been averaged over five days. Error bars are ±1 SD.
From the supplementary material to Kaastra et al. (2014)
isation levels similar to those needed to explain the X-ray obscuration. The
strength of these individual absorption features is correlated with the strength
of the X-ray obscuration, indicating that this UV absorption and the X-ray
obscuration are e↵ects of the same gas.
The new obscuration lowers the ionization of the previously known warm
absorber components. This lower ionisation also means the warm absorber
components will become more opaque to X-rays, therefore Kaastra et al. (2014)
modelled the new 2013-14 warm absorber parameters as well as modelling the
obscurer parameters.
With the new 2013-14 warm absorber model, two obscuring components
were needed to properly fit the spectrum. Two obscuring components are
required, rather than just one, because of constraints from the unobscured
high-energy NuSTAR data, showing the importance of a multi-satellite cam-
paign to the analysis of these results.
Lightcurve data from Swift give an indication of when this obscuration
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began. The hardness ratio can be an indicator of absorption, and is defined
as (HS)/(H + S) with H and S the count rates in the 1.5-10 and 0.3-1.5
keV bands, respectively. As absorption increases, the observed soft X-ray flux
level decreases while the observed hard X-ray flux level remains reasonably
constant, causing the hardness ratio to increase. By comparing the hardness
ratio of a source with that in its ‘normal’ state, the level of absorption can be
estimated.
Looking at the Swift data from 2005 and 2007 in Fig. 5.4, the hardness
ratio is at a ‘normal’ value, shown by the horizontal dashed lines. The higher
hardness ratio during 2012-14, despite the hard X-ray flux staying consistent
with previous measurements, indicates that the obscuration of the soft X-ray
flux was ongoing over this period.
As the obscuration reduces the ionisation level of the warm absorber out-
flows, the obscuring material must be closer to the source than these outflows
are, giving an upper limit to the distance of ⇠1017 m. The obscurer partially
covers the broad UV emission lines, therefore it is further out than the UV
broad line region, giving a lower limit to the distance of ⇠1014m. The veloci-
ties observed in the UV absorption (strongest at -1000 km s 1, but extending
out to -5000 km s 1) also support a location just outside the broad line region
(Kaastra et al. 2014).
5.2 NGC 5548: X-ray Narrow Emission Lines (2013-14)
The following work in this chapter is based on Whewell et al. (2015).
As presented above and in Kaastra et al. (2014), NGC 5548 has recently
undergone a drastic change in its observed spectrum, with the soft X-ray flux
25 times lower than the typical median in observations taken by Chandra in
2002 (when last observed with a high-resolution spectrometer). Kaastra et al.
(2014) conclude this is due to the presence of a new “obscurer” located closer
to the source than the classical warm absorbers (WA) and narrow-line region
(NLR). Using Swift observations, the authors conclude that the “obscurer”
must have entered the line of sight between 2007 and 2011. This “obscurer”
directly causes the additional absorption in the soft X-ray band and the broad
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absorption features in the UV. The classical WAs known in this source (in
both X-ray and UV) are shielded from the ionising UV/X-ray radiation by the
“obscurer” so are now at lower ionisations than their historical values. The
2013-14 ionisation parameters derived for each component of the X-ray WAs
are shown in Table 5.2.
The view of the soft X-ray band (0.1-2 keV) during this obscuration event
has revealed a rich emission spectrum dominated by narrow emission lines and
radiative recombination continuum (RRC) features, never previously observed
this clearly in NGC 5548.
This work is part of a series of investigations exploring di↵erent aspects of
the 2013-14 observational campaign (summerised by Mehdipour et al. 2015).
Here I focus on the revealed soft X-ray narrow emission lines and RRC features,
as they are excellent probes of the physical characteristics of the emitting
region.
In the remainder of this chapter I first detail the observations used for this
work (Sect. 5.3) and data analysis techniques (Sect. 5.4), including the He-like
triplet diagnostics (Sect. 5.4.3). The overall best fit spectrum is presented in
Sect. 5.4.4. I then build a consistent photoionisation model using Cloudy
(Sect. 5.5). The physical implications of the analysis are discussed in Sect.
5.6. Finally, the conclusions of this work are summarised in Sect. 5.7.
5.3 Observations
The data used for this chapter were taken as part of a large multi-wavelength
campaign aimed at characterising in detail the WA in NGC 5548; the struc-
ture, data reduction techniques used and other results of this campaign are
explained in Kaastra et al. (2014); Mehdipour et al. (2015); Arav et al. (2015);
Ursini et al. (2015); Di Gesu et al. (2015); Ebrero et al. (2016); Mehdipour
et al. (2016) and Cappi et al. (2016). All spectra shown in this chapter are in
the observed frame.
The redshift value z = 0.017175 has been used for this work, determined
from the 21 cm hydrogen line (de Vaucouleurs et al. 1991), as given in the
NASA/IPAC Extragalactic Database (NED), which is slightly di↵erent to
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Fig. 5.5: The 2013-14 770 ks stacked RGS spectrum of NGC 5548 (observed frame). The
strongest emission lines are labelled. There are ⇠60 counts in each of the continuum bins
around 20 A˚. The data are shown in black and are binned by a factor of two for clarity.
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some previous work that used a redshift value z = 0.01676 determined from
the optical lines (e.g. used in Steenbrugge et al. 2003).
This chapter presents a study of the narrow emission lines in the spectra
of NGC 5548 obtained by RGS (see Chapter 3 for details). I focus on the
770 ks stacked spectrum in the range 5.7-38.2 A˚(see Fig. 5.5), created from
combining fourteen observations of ⇠50 ks by the method described in Chapter
4; twelve of these were taken each a few days apart between 22 June and 31
July 2013, with two other XMM-Newton observations taken a few months later
(December 2013 and February 2014).
The fourteen individual observations have also been examined separately,
by fitting each narrow emission line in each spectrum with an individual gaus-
sian, and they show no significant variability in flux or width of the narrow
emission features. Therefore analysing the stacked spectrum of 770 ks for the
remainder of this work is justified in order to increase data counts and signal
to noise levels within the spectrum.
The long wavelength part of the spectrum (in Fig. 5.5, around 35-38 A˚)
has noticeably larger uncertainties, due to the decrease in e↵ective area of RGS
in this range (den Herder et al. 2001). There is also a decrease in e↵ective area
at the short wavelength part of the spectrum (5-10 A˚) but the much higher
photon count from the source at these wavelengths slightly reduces the e↵ect
this has on the observed spectrum.
5.4 Data Analysis
In order to analyse accurately the narrow emission features of this spectrum,
a good model for the continuum and absorption was needed. Kaastra et al.
(2014) conclude that the classical WA previously observed in NGC 5548 is not
su cient to explain the unexpected degree of absorption shown in this spec-
trum, and identify two new “obscurer” components needed to fit the intrinsic
and reflected continuum well, in addition to six WA components (named from
A to F; parameters shown in Table 5.2). The continuum was modelled with
a combination of a modified black body and power-law, including reflection
from distant material and an exponential cut-o↵ at high energies. The details
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of this are in the supplementary materials of Kaastra et al. (2014). The exact
physical interpretation of this continuum does not a↵ect this work on the nar-
row emission features as it is used only as a continuum level above which the
emission features are measured. Galactic neutral absorption is included with
H I column density in the line of sight set to NH = 1.45⇥ 1020 cm 2 (Wakker
et al. 2011). This continuum and absorption model is used throughout the
analysis in this chapter.
As with all work in this thesis, I use the C-statistic (Cash 1979) parameter
for all analysis in this chapter (see Chapter 4). The expected C-statistic for
the full 770 ks spectrum is 1087± 47, for the O VII triplet range used in Sect.
5.4.3 is 50 ± 10, and for the range around the O VIII Ly-↵ and C VI Ly-↵
broad lines discussed in Sect. 5.4.1 the expected C-stat values are also both
50± 10. The errors used in this paper are all at the 1  (68%) confidence level
unless stated otherwise.
All the spectral fitting in this paper was done with the spex1 spectral
fitting program (Kaastra et al. 1996) version 2.05.02. Additional analysis
compares simulated photoionisation spectral models from Cloudy (version
13.03; Ferland et al. 2013) with the observational data (Sections 5.5 and 5.5.1).
The adopted cosmological parameters are H0 = 70 km s 1 Mpc 1, ⌦⇤ = 0.70
and ⌦m = 0.30.
5.4.1 Broad Emission Lines
Although broad emission lines are di cult to identify in the 2013-14 spectrum,
Kaastra et al. (2014) include four of these in their model (C VI Ly↵, O VII
He↵, O VII He , O VIII Ly↵). All of their parameters (FWHM, luminosity
and outflow velocity) were initially taken from the Steenbrugge et al. (2005)
analysis of the Chandra LETGS 2002 spectrum, when the continuum was
higher, and the broad lines are initially fixed to those values, using a Gaussian
model for each. The broad line source is taken to be interior to the obscurer, as
expected from the results of Kaastra et al. (2014), therefore (as the fitted model
parameters are di↵erent to the 2002 analysis) the new luminosities di↵er from
those found previously. The 2002 parameters were estimated from knowledge
1http://www.sron.nl/spex
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Table 5.3: Broad emission line parameters from the 2013-14 RGS spectra. All values
without error bounds were fixed during fitting. The outflow velocities and widths of both O
VII lines were chosen to be the same as those used by the Steenbrugge et al. (2005) analysis
of 2002 LETGS data.
Line Rest     a Outflow Velocity FWHM Luminosity
(A˚) (A˚) (km s 1) (A˚) (1033W)
O VII 1s-3p 18.63 18.63 0 0.50 <1.8
O VIII 1s-2p 18.97 18.89±0.06  1200±900 0.12±0.08 10.3+23.9 7.4
O VII 1s-2p 21.60 21.60 0 0.58 8.5±4.4
C VI 1s-2p 33.74 33.65±0.03  800±300 0.24+0.12 0.05 32.6±12.1
ameasured values in the rest frame
Fig. 5.6: The two broad emission lines that are well fitted; O VIII Ly↵ (18.5-20 A˚) and C
VI Ly↵ (33.5-35 A˚). Both can be seen as shoulders on the blue side of their corresponding
narrow emission line. Shortwards of O VIII Ly↵, the O VII He  narrow emission line can
also be seen. See text for details.
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of the UV broad line parameters in this source as they could not be directly
fitted. I left these parameters (FWHM, outflow velocity and luminosity of each
line) free to vary where possible while fitting the 2013-14 770 ks spectrum (see
Table 5.3). The best fits to the broad O VIII Ly↵ line (over the range 18.5-
20 A˚; C-stat = 80) and the broad C VI Ly↵ line (33.5-35 A˚; C-stat = 75)
in the 2013-14 data, are shown in Fig. 5.6. The measured widths of these
lines indicate that their location is in the broad line region, as expected. It is
interesting to note that the outflow velocities of these broad lines are similar
to the strongest velocities seen in the UV absorption of the newly detected
obscuring material, especially as the obscurer is thought to be located at a
similar distance from the source as the broad line region (Kaastra et al. 2014).
Di culties fitting new values for both of the O VII broad lines (He↵ and
He ) in the 2013-14 spectrum led to using the simplifying assumption that
their FWHM and outflow velocity values have not changed since the values
derived for the 2002 spectrum. Therefore these two lines are set to their rest
wavelength (i.e. assuming no outflow velocity), as they are in Steenbrugge
et al. (2005). For the O VII He↵ line this gives a luminosity estimate, but for
the O VII He  this only gives an upper limit to the luminosity (see Table 5.3),
therefore the broad O VII He  line is not included in any further analysis.
The parameters for the O VIII Ly↵, O VII He↵ and C VI Ly↵ lines are
fixed at the values in Table 5.3 throughout the rest of the analysis in this
chapter.
5.4.2 Initial Fit and He-like Triplet Diagnostics
There are He-like emission line triplets of oxygen, nitrogen and neon within
the NGC 5548 stacked spectrum. The O VII triplet is the strongest and the
O VII forbidden line component is the highest flux emission line in the data.
For this reason, the diagnostics in this chapter are concentrated on the O VII
triplet.
All three emission lines within any triplet (four if taking into account the
intercombination line as an unresolved doublet) from any individual phase
of gas have consistent velocities. When fitting the He-like oxygen triplet in
these NGC 5548 data by using three simple Gaussian models in spex, the
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Table 5.4: Initial parameters for the O VII triplet from the 770 ks spectrum. C-statistic
(21.5-23 A˚) = 48
Line a Rest   Measured   b c Flow velocity FWHM FWHM
(A˚) (A˚) (km s 1) (A˚) (km s 1)
O VIIr 21.602 21.601±0.004  20± 50 <0.002 <30
O VIIi 21.807 21.772±0.020  480± 160 0.151±0.024 2100±330
O VIIf 22.101 22.077±0.002  320± 40 0.064±0.007 870±100
ar, i and f represent the resonance, intercombination and forbidden lines, respectively
bNGC 5548 rest frame values
cThere is an additional ±0.004 A˚ error on these values due to RGS absolute wavelength uncer-
tainty
forbidden and intercombination lines are found to have outflow velocities of
 320 ± 40 km s 1 and  480 ± 160 km s 1 respectively, while the resonance
line has a best fit velocity consistent with being at rest ( 20± 50 km s 1; all
values shown in Table 5.4). This discrepancy is not the case for the N VI He-
like triplet (at ⇠29 A˚) where the three measured line velocities are consistent,
and cannot be determined for the Ne IX He-like triplet (at ⇠13.5 A˚) because
the resonance and intercombination line velocities are not constrained by this
data.
A collaborator looked at whether calibration issues could have caused this
apparent velocity discrepancy in the O VII He-like triplet by comparing with
a 68 ks exposure of Capella taken close in time to the NGC 5548 data, on
31-08-2013 (ObsID: 0510781201), and reduced the same way as the NGC 5548
data. They compared the line centroids of 8 strong emission lines between
6.64 and 33.74 A˚with laboratory wavelengths and found the weighted mean
di↵erence to be  2.7 ± 0.4mA˚, corresponding to  17 ± 2 km s 1 at 20 A˚.
This very small o↵set is compatible with the typical orbital velocity of 30
km s 1 of the binary components of Capella, and shows that the uncertainties
on the absolute wavelength scale are much smaller than the o↵sets found
for the forbidden and intercombination lines in the NGC 5548 data. In the
Capella data, between 15 and 25 A˚, the centroids of the five strongest lines
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were consistent within the error bars with the weighted mean and all had
uncertainties of less than 30 km s 1. In conclusion, there is no instrumental
reason to doubt the measured line centroids of the O VII triplet in the NGC
5548 spectrum.
Further evidence that this velocity discrepancy is a real e↵ect can be
found in historical data; the same apparent velocity di↵erence is seen in 1999
Chandra data, analysed by Kaastra et al. (2000) and Kaastra et al. (2002),
where the O VII resonance line appears ⇠300 km s 1 redshifted with respect
to the O VII forbidden and intercombination lines, i.e. displaced in the same
direction as found in the 2013-14 spectrum. This previous work focussed on
the narrow absorption lines that could be seen in the data, therefore those
authors did not investigate the velocity discrepancy between these emission
lines.
5.4.3 Investigation into O VII Triplet Velocity Discrepancy
After calibration e↵ects were ruled out, I investigated various scenarios to
explain the velocity discrepancy between the O VII triplet lines. First I ex-
plored the case in which we observe the combined emission from two ionised
cones propagating out from the central source in opposite directions. Then I
investigated the possibility that the velocity discrepancy is due to absorption.
Two Cone Model
It is possible that the velocity discrepancy between the O VII triplet lines
is caused by the presence of two contributing O VII triplets of di↵erent line
ratios, one redshifted and one blueshifted with respect to the host galaxy.
This could be the case if the narrow emission lines are being produced in
two opposing cone shaped regions, each illuminated by and expanding away
from the central source, with more gas in the cone closer to (and outflowing
towards) the observer. In this case, the optically thin lines (such as forbidden
and intercombination lines) would be seen from all of the gas and therefore
would have one average (measured) velocity, dominated by that of the closer
region with more gas. If the optically thick lines (such as the resonance line)
are mainly produced at the illuminated face of the gas and shielded by the
cooler gas, then the observer would preferentially see the lines formed in the
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gas facing towards them (the farther cone, outflowing away from the observer,
and therefore redshifted). This would cause an apparent velocity di↵erence
between the resonance and both the intercombination and forbidden lines.
This theory was tested in spex by modelling each narrow emission line
as a combination of two separate Gaussian components, one blueshifted and
one redshifted, to represent the two opposing conical regions. The velocity
di↵erence between these components must be small enough that the observed
emission lines retain their single peak appearance; this restriction is more im-
portant at longer wavelengths. The narrow emission line observed in the data
with the longest rest wavelength is C VI 1s-2p (33.736 A˚), therefore the single
peak appearance of this line sets a limit on the velocity di↵erence between the
two conical regions in this model.
The best fit to the C VI 1s-2p line had ouflow velocities of  305 ± 40
and +125 ± 50 km s 1 for the blueshifted and redshifted components respec-
tively. This model (with the outflow velocities fixed to those values) was then
extended to fit all the emission lines in the spectrum, leaving widths and nor-
malisations free. Finally the outflow velocities of the Gaussian components
were left free to vary to find the final best fit for this model. The final best fit
outflow velocities in this case are  320±30 and +190±30 km s 1 respectively,
with a C-statistic of 1832 over the whole spectrum.
This model is not without problems, as the statistical best fit does not
physically match the two cone model explained above. In this model the
observed O VII forbidden line should be a combination of O VII forbidden
emission from both the blueshifted and redshifted emission cones (as it is an
optically thin line), whereas in the best fit model described above, the O VII
forbidden line only has a contribution from the blueshifted Gaussian compo-
nent (see Fig. 5.7). In contrast, the Ne IX and N VI forbidden lines in this
model do have contributions from both the blue- and redshifted components,
as expected. As discussed in Chapter 4, physical self-consistency of the best
fit model is an important factor for acceptance, so for this reason the two
emission cone model is not favoured as a physical explanation of the apparent
O VII velocity discrepancy.
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Fig. 5.7: Final two cone model fit of the O VII triplet. Each emission line is fitted with
two Gaussian components, one at velocity of  320 km s 1 (shown in blue) and the other
at velocity of +190 km s 1 (shown in red). The data are shown in black and the overall
fit is shown in green. Clearly, the O VII forbidden line (on the right) only requires the
blueshifted Gaussian component but this does not match the physical requirements of the
two cone model (see text for details).
For completeness, this scenario is explored further in Sect. 5.5.1 when
investigating possible geometries for the narrow-line emitting gas using self-
consistent photoionization models from Cloudy (this is not tried with spex
as it does not yet include photoionisation emission models).
Absorption
It is also possible that the velocity shift in the resonance line with respect to
the other components of the O VII triplet is due to absorption on its blue
side. This could then allow the true velocity of the resonance line to match
the outflow velocity of around  300 km s 1 measured for the intercombination
and forbidden lines. The resonance line could be more strongly a↵ected by
absorption than the other components of the triplet due to resonant scattering
and the possible geometry of the region (see Chapter 2 and Porquet et al. 2010).
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Fig. 5.8: Best fit model to the O VII triplet. The data are shown in black. Shown in red
is the best fit including absorption from X-ray WA components B & E (C-statistic = 82).
Shown in blue is the best fit with no absorption (C-statistic = 104). In both models the
outflow velocities and line widths of all three triplet lines are coupled together. The outflow
velocity, line width and normalisations were left free to vary to find the best fit for each
scenario.
The comparative widths of these three lines, when simply fitted with Gaussian
models, are already an indication that absorption may be playing a role in the
appearance of the resonance line. As shown in Table 5.4, the measured width
of the O VII resonance line is extremely small, especially compared to the
intercombination and forbidden lines within that same O VII triplet. As all
three of these lines should have very similar widths, this implies that part of
the resonance line is not being observed for some reason; absorption could
cause this e↵ect.
I tested whether absorption of the triplet by any of the six WA components
applied by Kaastra et al. (2014) (see Table 5.2) could explain the shift of the
resonance line in this way, as all WA components are found to have blueshifted
velocities. Previous distance estimates for both the X-ray WA components
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(at least one component <7 pc; Detmers et al. 2008) and X-ray NLR (1-15 pc;
Detmers et al. 2009) are similar, but the “obscurer” components discovered by
Kaastra et al. (2014) are known to be located much closer to the ionising source
than the NLR. Therefore these “obscurer” components were not included in
this absorption test. Parameters of the WA components can be seen in Table
5.2. For this test the normalisations of the three O VII triplet lines were left
free to vary after being placed inside each of the WA components in turn. The
FWHM values for each of the O VII triplet lines were coupled and left free to
vary. The outflow velocities for the three O VII triplet lines were also coupled
and initially fixed to  300 km s 1 (the approximate outflow velocity of the
forbidden line), to reduce the number of free parameters at this stage. This
led to the C-statistic listed in Table 5.5. The outflow velocity is left free to
vary after this test.
When comparing di↵erent, non-nested best fit models with the same num-
ber of degrees of freedom, as in this case, standard tests (such as the F-test)
are not applicable, so another method must be used to determine if any im-
provement in the C-statistic is significant. In this case, given the tight relation
between  2 and C-statistic, the significance is tested by taking the square root
of the C-statistic (measuring the improvement in C-statistic when comparing
one model to another) and this gives us the significance of that improvement
in  . For example,  C of 9 corresponds to a 3  improvement.
As shown in Table 5.5 the C-statistic values for each scenario were also
calculated over the whole spectrum. I focus on the results using only the O
VII triplet wavelength range, as the C-stat of this region is not a↵ected by
any other regions where the continuum model does not match the data exactly
(for example the excess of data over model in the range 35-38 A˚). One model
is an improvement over another when the C-stat improves by  9, relating to
a 3  improvement.
Initially absorption was considered by each WA component in turn; ab-
sorption by WA component B improved the fit substantially, and more so than
the other components (from a C-stat of 104 to 93 for the O VII triplet). Fur-
ther absorption components were added to this fit, one by one, and including
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Table 5.5: C-statistic values for fitting the O VII triplet, and the whole RGS spectrum,
with WA absorption of narrow emission lines (and RRCs when looking at the whole data
range). The parameters of all the WA components were fixed to the best-fit values from
Kaastra et al. (2014), as they are for all the analysis within this work. For each of these
fits, all three O VII triplet lines had fixed outflow velocities of  300 km s 1 and the widths
of all three triplet lines were coupled and fitted together.
C-stat value for C-stat value for
Absorption applied a O VII triplet b all RGS data c
None 104 1865
A 103 1864
B 93 1856
C 102 1861
D 114 1882
E 94 1879
F 100 1863
B & E 83 1870
B, E & D 85 1878
B, E & F 78 1871
A, B & C 90 1853
A, B, C & D 96 1864
A, B, C, D & E 80 1866
A, B, C, D, E & F 78 1868
aLetters refer to Kaastra et al. (2014) WA components as described in Table 5.2
bData range 21.5-23 A˚
cData range 5.68-38.23 A˚
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absorption by component E decreased the C-stat (by 10, to 83). Adding a
third absorbing component (F) also decreased the C-stat around the triplet
range again, but this time only by 5, so it is not considered enough improve-
ment to justify use of this model over the previous one. A di↵erent absorption
scenario was also tested, by using components A, B and C to absorb the narrow
emission lines. This gave a better C-statistic when fit to the whole spectrum,
but a worse value for only the O VII triplet range (see Table 5.5). As this test
focuses on how well the O VII triplet is fitted, the scenario using absorption
by B and E only is marginally prefered because it requires a smaller number
of absorbing components.
The outflow velocity of the triplet lines (still coupled together) was left
to vary freely, using absorption from WA components B and E, giving a best
fit outflow velocity of  300± 30 km s 1 (the C-statistic reduced by 1, to 82).
This fit, compared to the fit with coupled O VII triplet line velocities but no
absorption, is shown in Fig. 5.8. Clearly, the inclusion of absorption shifts the
fitted peak of the O VII resonance line towards the peak seen in the data.
The evidence from these tests so far implies that WA components B and E
are doing most of the absorbing of the O VII r line; I explored how important
the outflow velocities of these components are to this determination. To do
this I took each of the other WA components and fixed their velocity to that
of B and E in turn. Absorption by component A had very little e↵ect on
the fit around the O VII triplet, whichever velocity I fixed it at, becasue the
measured velocities of components A, B and E are similar ( 588± 34 km s 1,
 547±31 km s 1 and  792±25 km s 1 respectively, taken from Kaastra et al.
2014). When the other components (C, D and F) were set to the velocities of
components B and E, absorption by them caused a substantial improvement in
the fit of the O VII triplet, compared to when they were set to their measured
velocities. The C-statistic improved by between 5 and 29 for each case.
The above indicates that having well determined outflow velocities for
these warm absorber components is vital to calculate the e↵ect that absorp-
tion by each one would have on the fit of the O VII triplet. Therefore the
details of this absorption scenario for the narrow emission lines should be
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seen as strongly dependent on the determined warm absorber properties; this
work tests the concept that the narrow emission lines could be absorbed by
some warm absorber components, not the specific order of the involved warm
absorber components.
While this absorption scenario does not give a perfect fit, it is the only
physically plausible explanation for the O VII velocity discrepancy so far.
Therefore absorption by WA components B and E is used as the best fit
scenario for the remainder of this work.
Using this absorption scenario for the O VII triplet, the parameters of
all narrow emission lines and RRCs (using the RRC model in spex, see Sect.
4.2.2 and 5.4.4) were recalculated assuming that all are absorbed by the same
combination of WA components. The results of this can be seen in Table 5.5.
Absorbing all the narrow lines and RRCs by WA components B and E led to
the best fit for the O VII triplet (following the above method), but not for the
whole spectrum. The best fit for the whole data range (5.7-38.2 A˚) is obtained
when the narrow lines and RRCs are all absorbed by WA components A, B and
C; while this could be another physically acceptable scenario, the improved fit
around the O VII triplet when absorbed by WA components B and E leads to
the decision to focus on the latter for the rest of the work in this chapter.
The best fit values for the narrow-line and RRC parameters over the whole
spectrum, after absorption from WA components B and E, are presented in
Sect. 5.4.4 and in Tables 5.6 and 5.7 respectively. These parameters are
of course dependent on which scenario is used; here the simplest absorption
scenario is adopted that gives the best fit to the O VII triplet region (with
 C   9 from any simpler scenario).
5.4.4 spex Best Fit for the 770 ks Stacked Spectrum
There are 14 narrow emission lines detected and an upper limit to one further
narrow emission line in the stacked spectrum; their best-fit parameters are
in Table 5.6. These were obtained using the absorption scenario (B and E
absorption) described in detail in Sect. 5.4.3. If absorption from WAs A-C,
instead of B and E, had been used to measure the parameters in Tables 5.6 and
5.7, the values would all be within 3  of those provided. This shows that, for
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Fig. 5.9: Best fit using individual Gaussian lines and RRC model within SPEX. Warm
absorber components B and E are absorbing the narrow emission lines and RRCs. The data
are shown in black and the best fit model in red. A selection of emission lines are named.
See text for detail.
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the X-ray narrow lines in this source, choosing a di↵erent specific absorption
scenario does not significantly alter the overall results. The presence of this
absorption is more important than which specific components are causing it.
Three complete emission triplets, of forbidden, intercombination and res-
onance lines (O VII, N VI & Ne IX) are present, plus four Ly↵ (Ne X, N
VII, O VIII & C VI), O VII He↵ and O VIII Ly  lines. These lines, with
a few exceptions, were fitted using the simple Gaussian model in spex with
the outflow velocity, FWHM and normalisation kept as free parameters. The
exceptions to this are the Ne IX, O VII and N VI triplet lines, which had some
values coupled together (see Table 5.6 for details), and the Ne X Ly↵ and the
Ne IX resonance and intercombination lines, which were fixed at their NGC
5548 rest frame wavelengths. The rest wavelengths were all taken from the
internal spex line list.
Table 5.6 also shows which of these narrow lines have been previously
detected in NGC 5548 (Kaastra et al. 2002; Steenbrugge et al. 2005; Detmers
et al. 2009).
Eight RRC features are detected in this spectrum; the final best fit param-
eters are presented in Table 5.7. All eight RRC features were simultaneously
fitted with one RRC model in spex, which uses one temperature and allows
di↵erent emission measures for each ion. This first RRC model gives an elec-
tron temperature in eV which is shown (along with the emission measures for
each ion) in Table 5.7 (third column). The RRC features were then split into
element pairs (e.g. O VII and O VIII together) and fitted with one RRC model
for each pair. The carbon, oxygen and neon RRC models all give temperatures
of the same order of magnitude (Table 5.7). The nitrogen RRC features are
very weak in this spectrum, therefore the temperature for the nitrogen RRC
model was fixed at the best fit value for that of the oxygen RRC model as the
O VII RRC is the strongest, non-contaminated RRC feature in this spectrum.
Nitrogen RRC emission measure values using this temperature are shown in
Table 5.7. Fitting the RRC features in this ‘paired’ way marginally improved
the overall C-statistic by  C = 10 compared to using just one RRC model
(and therefore one temperature) for all features. The best-fit temperatures
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Table 5.8: Results from automated fitting of the 770 ks stacked spectrum with Cloudy
simulated spectra. For each fit the Cloudy spectra are given an outflow velocity of -
300 km s 1, in order to match the O VII f line (the strongest in the spectrum). The
emboldened rows show the best-fits to both absorption scenarios when using the fine grid
of unobscured Cloudy models.
Best fit Cloudy parameters
SED Spectrum range Absorption a C-statistic log ⇠ log vturb log NH
A˚ km s 1 cm 2
obscured 5.7-38.2 B, E 2213 2.3 2.5 22.5
obscured 5.7-38.2 A-C 2178 2.3 2.5 22.5
unobscured 5.7-38.2 B, E 2298 1.5 2.0 23
unobscured 5.7-38.2 A-C 2272 1.5 2.0 22.5
unobscured 21.5-23 B, E 97 1.7 2.5 23.25
unobscured 21.5-23 A-C 106 1.7 2.0 22.25
unobscured 5.7-38.2 B, E 2273 1.45 2.25 22.9
unobscured 5.7-38.2 A-C 2243 1.45 2.25 22.9
aLetters refer to Kaastra et al. (2014) WA components shown in Table 5.2
for the carbon and neon RRC pairs are inconsistent with each other at the 3 
level (the uncertainties in Table 5.7 represent 1 ), which gives some evidence
for stratification of the emission regions producing these RRC features.
The threshold energies (E) of all the RRC features are of the order of
several hundred eV, and the electron temperatures ( E) are measured to be
of the order of a few eV, therefore  E/E << 1 which is strong evidence for
photoionised conditions dominating within the emitting gas.
5.5 Testing the Absorption Model using Cloudy
In order to fit the spectrum with physically self-consistent models (as spex
does not include a photoionised emission model) the spectral synthesis pro-
gram Cloudy (Ferland et al. 2013) was used. A number of simulated spectra
for a range of physical parameters were created, and compared to the NGC
5548 data using the absorption scenario described above. A plane parallel ge-
ometry is assumed, with the central source illuminating the inner face of the
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Fig. 5.10: The two SED shapes used as input for Cloudy. Cloudy scales the input SEDs
using either luminosity or intensity values, so absolute values on the y-axis are not relevant.
cloud and with a flux density dependent on a chosen ionisation parameter, ⇠.
The spectrum produced by photoionisation processes strongly depends
on the shape of the ionising continuum, described by the SED. Two sets of
Cloudy results were compared with the 770 ks RGS spectrum; one was gen-
erated using the historical unobscured SED of NGC 5548 and one used the
new obscured SED from 2013-14, both shown in Fig. 5.10. These SEDs are
smoothed and simplified compared to those presented in Mehdipour et al.
(2015), but qualitatively very similar in shape, which is enough for this anal-
ysis. Both sets of Cloudy spectra were compared with the data in order to
determine which gave the best fit. If the unobscured SED gives a better fit to
the data, this would be evidence for the X-ray NLR still receiving and reacting
to the unobscured flux from the central source. If the obscured SED gives a
better fit, then this would suggest that the NLR is located close enough to the
central source that it is visibly receiving and reacting to the obscured flux.
For both SEDs, the Cloudy simulated spectra explored a parameter
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range of log ⇠ = 0.1-3.3 (with 0.2 step size), hydrogen column density =
1021-1024 cm 2 (with 100.25 step size) and turbulent velocity = 101-103.5 km s 1
(with 100.5 step size). The electron density was set to 108 cm 3 because as long
as this remains under the critical density2 its value is unconstrained by the
data.
The 1326 simulated spectra within this parameter grid for each SED were
compared with the stacked 770 ks spectrum.
Each one of the Cloudy generated spectra was imported into a spex
file model and compared with the data using an automated fitting process,
with the normalisation of the simulated spectra left free to vary. This fitting
process used a Python script to run spex and generate a C-statistic value
for each one of the simulated spectra. Throughout this process there is no
interpolation between the 1326 Cloudy models in the grid specified above.
Unless otherwise stated, theCloudy spectra were all given an outflow velocity
of -300 km s 1 to match the measured value of the strongest emission line in
the data, the O VII f line.
There are numerous possible outputs from Cloudy which are described
in Chapter 4. For this first test the reflected spectrum output was used to
model the narrow emission lines (as done in e.g. Bianchi et al. 2010; Guainazzi
et al. 2009). This is of course only one potential geometry of the NLR region;
more geometrical possibilities are explored in Sect. 5.5.1.
Each Cloudy reflected spectrum includes di↵use emission from within
the cloud and scattered (absorbed and re-emitted) radiation from the intrinsic
continuum, i.e. it includes only the narrow emission lines and a scattered
continuum, therefore the incident continuum itself, WAs, obscurer and broad
emission lines must be modelled separately. The observed continuum, WAs
and obscurer are modelled as in Kaastra et al. (2014) and the 2013-14 broad
emission line parameters from Sect. 5.4.1 in this chapter are used.
The narrow emission lines Cloudy produces are intrinsically narrower
than those seen in the RGS data because, while Cloudy takes the e↵ect of
turbulence within the gas into account for the line strengths, it does not use
2see Chapter 2 and Porter and Ferland (2007) for details
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Fig. 5.11: Comparison of emission from Cloudy models using the obscured (red) and
unobscured (blue) SEDs. Emission from a Cloudy model using a generic AGN SED is also
shown in green.
this to broaden the lines in the produced spectra3. Therefore for the absorption
to be applied properly, the narrow emission lines in the Cloudy spectra must
be broadened. This was done using the vgau model in spex, set to a sigma
velocity of 450 km s 1 as this was manually found to be the best overall fit
to the data; it is also consistent with the average Gaussian sigma broadening
value (460±30 km s 1) found for all the narrow emission lines in Kaastra et al.
(2014) and overall with the FWHM values in Table 5.6.
When fitting the whole 770 ks spectrum, with absorption from WA com-
ponents B and E applied, the Cloudy results based on the obscured and
unobscured SEDs gave best C-statistic values of 2213 and 2298 respectively.
All the C-statistic values from the Cloudy fits are collected in Table 5.8.
At this point results from using the Cloudy models from obscured and
unobscured SEDs were compared (see Fig. 5.11). In the RGS data range
the Cloudy simulated spectra using the obscured SED gave a better fit to
the data ( C = ⇠90). The compatibility of this with the rest of the NGC
5548 spectrum extending to the hard X-rays was tested, by applying the best
fit model for the RGS band to the EPIC-pn data from the same campaign
3See Hazy 1 documentation, page 162
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(see Cappi et al. 2016 for details of the analysis of the EPIC-pn data). This
showed a severe excess of flux in the higher energy (>2 keV) range of the
obscured SED Cloudy model in comparison to the EPIC-pn spectrum, and
led to the conclusion that the Cloudy results from the unobscured SED are
more physically appropriate, despite the slightly worse statistical quality of
the fit in the RGS band.
The narrow line-emitting gas is also expected to be reacting to the unob-
scured SED because the O VII forbidden line flux has not changed as substan-
tially as the more drastic change in the soft X-ray continuum (see the later
discussion in Section 5.6.2). If the narrow line-emitting gas is reacting to the
new, obscured SED then a much greater change would be expected.
In order to derive the errors in the best fit parameters for the emitting
gas a finer grid of models with Cloudy were created, using the unobscured
SED.
From this grid, uncertainties on the parameters of the emitting gas were
calculated for both absorption scenarios investigated above (B, E and A, B,
C), giving 1  uncertainties of log ⇠ = 1.45±0.05, log NH = 22.9±0.4 cm 2
and log vturb = 2.25±0.5 km s 1.
This model is plotted in Fig. 5.12.
5.5.1 Testing Further Geometries with Cloudy
In the previous section the 770 ks spectrum has been fitted with simulated
spectra from Cloudy models. As stated above, this is only one geometrical
possibility for the NLR region, and so this section looks into other potential
geometries using di↵erent Cloudy outputs4.
Four main di↵erent geometries are compared to draw some simple conclu-
sions; this is by no means a full investigation into all possible geometries of
this system. These tests were all done with the Cloudy grid of models used
in the previous section, but with varying outputs used.
Geometry 1) The simplest interpretation of the reflected output, adopted
in the previous section, is that emission is observed from the illuminated face of
NLR clouds, which could be on the opposite side of the source to the observer’s
4For detailed information of Cloudy’s geometry see Chapter 4 and Hazy 1, page 6
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line of sight, or on the near side of the the source but out of the observer’s
line of sight.
Geometry 2) Emission could be observed from the shielded face of NLR
clouds on the same side of the source as the observer. The Cloudy outputs
of transmitted lines and di↵use emission were additively combined to approx-
imate this geometry. The best fit parameters for this geometry gave a C-stat
value of ⇠300 larger than the best fit for geometry 1), with smaller NH , but
very similar ⇠ and vturb values (log ⇠ = 1.5, logNH = 22 and log vturb = 2.5).
Geometry 3) Emission from a combination of two ionisation cones, one
either side of the source, could be observed, i.e. emission from both the illu-
minated face of NLR clouds on the far side of the source and the shielded face
of NLR clouds on the near side of the source, with respect to the observer.
This is similar to the ‘Two cone model’ discussed in Sect. 5.4.3, and was mod-
elled using a combination of the outputs used for geometries 1) and 2) above.
To restrict the permutations of this geometry, and therefore reduce computa-
tional time, the simplifying assumption was made that both the near and far
NLR ionisation cones have the same parameters (⇠, NH and vturb). The re-
flected output (representing emission from clouds on the far side of the source)
was given a positive velocity shift (+300 km s 1) and the transmitted outputs
(representing emission from clouds on the near side of the source) were given a
negative velocity shift of (-300 km s 1), so that both are outflowing away from
the source. This geometry was tested in three ways: i) with no absorption
of either emission components, ii) with absorption of the far clouds’ emission
(the reflected output) by WA components B and E and no absorption of the
near clouds’ emission, and iii) with absorption of the far clouds’ emission (the
reflected output) by all WA components (A-F) and no absorption of the near
clouds’ emission. In all three cases, i), ii) and iii), the best fit parameters were:
log ⇠ = 1.5, logNH = 22.25 and log vturb = 2.5. The best of these cases, in
terms of C-statistic value, is ii), but even in this case the C-statistic value is
⇠200 larger than the best fit for geometry 1).
Geometry 4) Emission from both the illuminated and shielded faces of the
NLR clouds within one ionisation cone, on the near side of the source, could
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be observed. In this case, the illuminated faces of clouds out of the observer’s
line of sight and the shielded faces of clouds within the observer’s line of sight
are both seen. Again, the simplifying assumption was made that both types of
outputs correspond to the same input parameters, which would be expected as
both are coming from the same ionisation cone. This geometry also combines
the outputs used for geometries 1) and 2) above, but di↵erently to geometry
3), as all the gas in this scenario is outflowing towards the observer, so all
outputs are given a velocity shift of -300 km s 1. In this test, emission from
outside the observer’s line of sight is absorbed by WA components B and E
while emission from the observer’s line of sight is not absorbed by any intrinsic
WA components. This geometry gives an improved C-statistic ( C of ⇠50)
with very similar best fit parameters of log ⇠ = 1.5, logNH = 22.5 and log vturb
= 2.5, and 80% of the emission line luminosity coming from the illuminated
face of the cloud. The best fit parameters found in this test are within the
uncertainties calculated when only the reflected output was used to model the
line emission, demonstrating the robustness of these values.
These tests have shown that, when comparing these simple geometries, the
observed emission is likely to originate in the ionisation cone on the near side
of the source, with the illuminated face of the cloud (as modelled in Cloudy)
producing the majority of the X-ray narrow line emission from NGC 5548.
However, it is very likely that the geometry in this system is more complex
than the plane-parallel clouds assumed in Cloudy.
5.6 Discussion
As previously stated, the 2013-14 770 ks RGS spectrum shows the largest
number of soft X-ray narrow emission lines and RRC features ever observed in
NGC 5548. In total, fourteen narrow lines and eight RRCs are detected, with
an upper limit for one more narrow emission line. Due to the low soft X-ray
continuum flux during these observations, six narrow lines and six RRCs are
identified that had not previously been detected in NGC 5548. New parame-
ters are also presented for eight narrow emission lines and two RRCs identified
in previous observations of this source.
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Fig. 5.12: Best fit self-consistent photoionisation model from Cloudy for all emission
features (5.7 - 38.2A˚), including absorption from X-ray WA components B & E (see Kaastra
et al. 2014 for details). C-statistic: 2273. The data are shown in black, the best fit model
is shown in red and the components of this model are shown in di↵erent colours and line
styles. The relative error between the data and best fit model is shown underneath each of
the main plots.
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Six of the ten narrow lines found by Steenbrugge et al. (2005) are detected;
one of their lines (C V f) falls outside the RGS wavelength range, and the other
three (Mg XI f, Al XII f & Si XIII f) are in the steep, noisy short wavelength
part of the spectrum, so it is very di cult to set stringent limits to their
parameters using these data.
Using photoionisation models from Cloudy, the emitting gas has been
parameterised by an ionisation parameter of log ⇠ = 1.45 ± 0.05, column
density of log NH = 22.9±0.4 cm 2 and turbulent velocity of log vturb = 2.25±
0.5 km s 1. Using the same conversion between the ionisation parameters of
⇠ and U as in Arav et al. (2015) for the historical SED of NGC 5548 (log ⇠ =
logU+1.6), gives an estimate for the emitting gas of log U=  0.15±0.05. The
ionisation parameter and column density from this work can now be compared
to similar work on other Seyfert objects (see Table 5.9 for a summary of
previous work). The column density value (1022.9±0.4 cm 2) is similar to the
highest values found for other objects. For example NGC 4051, NGC 4151 and
NGC 1365 (by Nucita et al. 2010; Armentrout et al. 2007; Guainazzi et al. 2009,
respectively) are all found to need emitting gas with column densities of the
order of 1023 cm 2 in order to model their X-ray NLR emission. The NGC 5548
narrow line-emitting gas ionisation parameter, converted to logU=  0.15 ±
0.05, is lower than for most other Seyfert galaxies, except for the low ionisation
component of the three phase model for NGC 4151 (Armentrout et al. 2007).
As expected, the ionisation parameter is higher than that needed to model the
UV narrow emission lines in NGC 5548 itself (Kraemer et al. 1998). Due to the
much higher soft X-ray continuum flux in previous observations of NGC 5548,
and therefore a much smaller number of measurable X-ray narrow emission
lines, this is the first time photoionisation modelling has been used to constrain
the ionisation parameter and column density of the X-ray narrow-line emitting
gas in this galaxy.
5.6.1 Warm Absorption of the NLR
The initial fit (using a Gaussian model in spex for each narrow line) to the
2013-14 stacked spectrum of 770 ks shows a di↵erence in velocity between the
O VII resonance line ( 20± 50 km s 1) and the forbidden and intercombina-
5.6. Discussion 119
T
a
b
le
5
.9
:
P
re
vi
ou
sl
y
re
p
or
te
d
re
su
lt
s
of
S
ey
fe
rt
ga
la
xy
n
ar
ro
w
li
n
e
re
gi
on
m
od
el
li
n
g
u
si
n
g
C
lo
u
d
y
C
lo
u
d
y
p
ar
am
et
er
s
of
em
it
ti
n
g
ga
s
R
ef
er
en
ce
G
al
ax
y
T
y
p
e
W
av
el
en
gt
h
B
an
d
N
o.
of
Io
n
iz
at
io
n
D
en
si
ty
(c
m
 
3
)
P
h
as
es
lo
g
U
lo
g
n
H
K
ra
em
er
et
al
.
19
98
N
G
C
55
48
S
ey
fe
rt
1
U
V
2
-1
.5
7
-2
.5
4
C
lo
u
d
y
p
ar
am
et
er
s
of
em
it
ti
n
g
ga
s
R
ef
er
en
ce
G
al
ax
y
T
y
p
e
W
av
el
en
gt
h
B
an
d
N
o.
of
Io
n
iz
at
io
n
C
ol
u
m
n
D
en
si
ty
(c
m
 
2
)
P
h
as
es
lo
g
U
lo
g
N
H
A
rm
en
tr
ou
t
et
al
.
20
07
N
G
C
41
51
S
ey
fe
rt
1.
5
X
-r
ay
3
1.
3
23
0
23
-0
.5
20
.5
L
on
gi
n
ot
ti
et
al
.
20
08
M
rk
33
5
S
ey
fe
rt
1
X
-r
ay
2
0.
4

22
0.
8

22
G
u
ai
n
az
zi
et
al
.
20
09
a
N
G
C
13
65
S
ey
fe
rt
1.
8
X
-r
ay
1
1.
6+
0
.3
 
0
.4
 
22
N
u
ci
ta
et
al
.
20
10
N
G
C
40
51
S
ey
fe
rt
1
X
-r
ay
2
0.
6
<
lo
g
U
<
1.
9
21
.7
7-
22
.7
2
M
ar
in
u
cc
i
et
al
.
20
10
N
G
C
42
4
S
ey
fe
rt
2
X
-r
ay
2
0.
23
<
lo
g
U
<
1.
41
21
.7
7-
22
.1
1
a
T
h
es
e
au
th
or
s
al
so
fo
u
n
d
st
ro
n
g
ev
id
en
ce
fo
r
a
co
n
tr
ib
u
ti
on
fr
om
co
ll
is
io
n
al
co
m
p
on
en
ts
,
re
la
te
d
to
th
e
k
n
ow
n
ri
n
g
of
st
ar
b
u
rs
t
ac
ti
v
it
y
in
th
is
ob
je
ct
an
d
n
ot
sp
ec
ifi
ed
h
er
e
5.6. Discussion 120
tion lines ( 320±40 km s 1 and  480±160 km s 1, respectively). This result
is hard to interpret physically; the triplet lines should all be formed by the
same gas and therefore have consistent velocities. The work in this chapter
investigates possible explanations for this mismatch of velocities such as cali-
bration e↵ects, emission from two ionisation cones, and absorption, concluding
that absorption is most likely (as detailed in Sect. 5.4.3).
An alternative hypothesis could be considered, that the O VII triplet may
be a superposition of emission by photoionised and collisional plasmas, such as
found in star forming regions. However, this is very unlikely; NGC 5548 does
not have a high star formation rate, and the AGN is too bright to allow any
star formation rate contribution to be detected unless it were a very significant
one (Doroshenko et al. 1998). To test this interpretation a collisionally excited
emission model was fitted on top of a non-absorbed photoionised emission
model, showing that the upper limit for contributions from collisionally excited
line emission is 4% of the luminosity of the photoionised emission (calculated
over the RGS wavelength range).
The main result of this chapter, which resolves the velocity discrepancy
of the O VII triplet, is by having the narrow emission lines absorbed by at
least one of the six X-ray WA components found by Kaastra et al. (2014). The
implications of this in terms of the distance of the NLR from the source are
discussed in Sect. 5.6.3 below.
A similar result has been obtained for the UV narrow emission lines in
NGC 7469, where Kriss et al. (2003) found that the best fit to their Far
Ultraviolet Spectroscopic Explorer (FUSE) data included absorption of the
narrow emission line components by the UV warm absorbers, at the same
covering fraction as the absorption of the broad emission lines and continuum.
Using the best fit model from the scenario with absorption of both the
narrow emission lines and RRC features by WA components B and E, the ratio
of the unabsorbed flux of O VII RRC to the O VII forbidden line (RRC/f)
was calculated, as was done in Kaastra et al. (2002). The 2013-14 absorption
scenario RRC/f value is 0.44 ± 0.05, much closer to (and consistent within
3  to) the value of 0.57 from Behar et al. (2002) photoionisation models for
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an adopted temperature of 5 eV 5 than to the value from the 1999 observa-
tions (0.07 ± 0.12; Kaastra et al. 2002). Kaastra et al. (2002) suggest that
their smaller than expected RRC/f value may be due to a combination of
limited statistics and nearby WA absorption features contaminating the RRC
flux measurement. Without WA absorption of either narrow emission lines
or RRCs, a smaller than expected RRC/f value is also observed in the 2013-
14 data (0.28 ± 0.03), which again is not consistent with the model value.
Therefore including the absorption by WA components B and E of both the
RRCs and the narrow emission lines greatly reduces the tension between ob-
served and modelled O VII RRC/f values, further supporting this absorption
scenario.
5.6.2 NLR Reacting to Unobscured SED
Fitting simulated spectra from Cloudy (see Sect. 5.5) to both RGS and
EPIC data shows that the narrow-line emitting gas is still reacting to the
unobscured SED. This implies that no additional variation in the narrow lines
should be expected compared to previous observations and levels of variability
between them. As previous analysis of historical observations did not take into
account any absorption of the narrow lines by the WAs, the same assumptions
as in previous analyses must be made in order to compare appropriately. The
2013-14 O VII f unabsorbed flux, calculated without including any absorption
by WA components, is 0.65+0.01 0.05 photonsm
 2 s 1, which is between values from
observations between 1999 and 2001 (4 observations, with flux values 0.81 ±
0.16, 0.82±0.18, 1.3±0.2 and 1.1±0.1 photonsm 2 s 1, in chronological order),
and the 2005 and 2007 values (0.35 ± 0.06 and 0.27 ± 0.06 photonsm 2 s 1
respectively), when the source was seen in an unobscured but intrinsically
low-flux state (these historical measurements of O VII f fluxes are collated
in Detmers et al. 2009). The unabsorbed flux of the O VII f line in 2002
(0.75 ± 0.07 photonsm 2 s 1) is the historical value closest to the 2013-14
measurement, still di↵ering from it by just over the 1  level. In conclusion,
5As the temperature dependence of this ratio is weak (Kaastra et al. 2002), and the best fit
temperature from the pair of oxygen RRCs (O VII and O VIII) is 6.6±0.06 eV, this is a reasonable
comparison to make
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there is marginal evidence for variability between 2013-14 and some previous
epochs, which is well within the expected range for this source (Detmers et al.
2009). This supports the claim that the NLR is still reacting to the unobscured
SED, as it would have been during all these previous epochs.
5.6.3 Distance and Density Estimates of NGC 5548’s X-ray NLR
In the best fit absorption scenario, the emitting gas (determined from Cloudy
modelling) has the parameters: log ⇠ = 1.45± 0.05, log NH = 22.9± 0.4 and
log vturb = 2.25± 0.5.
Using this result, and the definition of ⇠ (⇠ ⌘ L/nr2, see Chapter 2), a
lower limit to the distance of the emitting gas from the source can be deter-
mined (I take n < 5⇥ 109 cm 3, because this is the critical density for O VII
(Porquet and Dubau 2000) and as this gas is known to be photoionised by the
presence of narrow RRCs, the density must be below this value). The lumi-
nosity of the unobscured 2013-14 SED L (= 11.7⇥ 1043 ergs s 1) is taken from
Mehdipour et al. (2015), and ⇠ (log ⇠ = 1.45) is taken from the Cloudy best
fit to the data. This gives a (not very restrictive) lower limit to the distance
of the emitting gas of r > 9.3⇥ 10 3 pc.
For another distance estimate, the column density, NH , can be written as:
NH =
Z rmax
rmin
nHdr =
nH
ne
L
⇠
(
1
rmin
  1
rmax
) (5.1)
which, using the same method as Behar et al. (2003) and assuming rmax  
rmin, can be rewritten as:
rmin ' (r 1min   r 1max) 1 =
nH
ne
L
⇠NH
. (5.2)
Using the simplifying relation ne = 1.2nH (for a fully ionized cosmic plasma),
and the values of L, ⇠ and NH (see previous paragraph), rmin = 13.9± 0.6 pc
is calculated. While this is consistent with the previous distance estimate of
1-15 pc for the X-ray NLR by Detmers et al. (2009), if the gas is clumpy or
consists of compact clouds (i.e.  r = rmax rmin ⌧ r) then the location derived
here will move inwards.
Spectral modelling has determined the velocity broadening of the emitting
gas to be 460±30 km s 1 (measured by Kaastra et al. 2014, and consistent with
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the Cloudy modelling in this work). This broadening can be assumed to be
from Keplerian motion of the gas (potentially not the case if some broadening
arises from the outflow), and then the Virial Theorem can be used to calculate
the distance r:
v2 =
GM
r
(5.3)
where v = velocity broadening, G = the gravitational constant, and M = mass
of the central black hole (6.54±0.25⇥107M ; Bentz et al. 2007). This gives an
estimate that the distance of the emitting gas is 1.3± 0.1 pc from the central
source.
Using this distance, and the definition of the ionisation parameter ⇠ (see
Chapter 2), the density of the gas can also be estimated to be 2.4⇥ 105 cm 3,
consistent with the upper limit given by the O VII critical density (above).
Combining this density with the column density of logNH = 22.9±0.4 cm 2,
from the Cloudy modelling in Section 5.5, gives a size estimate for the emit-
ting gas of  r = 0.13 pc.
As the emitting gas is still reacting to the unobscured SED, this lack of
response to the obscured SED for at least one year can be used to approximate
another distance. Using light crossing arguments (r > c  t, where  t = one
year, the time since the continuum altered, from which the gas has not yet
responded, and c = speed of light), this gives a lower limit estimate of 0.3 pc,
supporting the parsec scale expectations from the previous calculations.
The other possibility is that the O VII emitting gas has not yet recombined
after the decrease in continuum intensity. Recombination time is related to
the gas density, by t ⇠ 1↵ne , where ↵ is the recombination coe cient. Using the
temperature measured from the RRCs (see Sect. 5.4.4) ↵ is determined to be
7⇥10 12 cm3 s 1 for O VII (see Nahar and Pradhan 2003, for the calculation),
and the recombination time can be assumed to be at least one year. This gives
a density estimate of 4.5⇥ 103 cm 3 which, using the definition of ⇠, leads to
a distance estimate of 9.8 pc.
Finally, using the emission measure from the RRC features and assuming
a quasi-spherical distribution of emitting gas clouds, the volume filling factor
of the gas can be estimated from the integral of n2 dV (as done in Reeves et al.
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2016a):
EmissionMeasure =
Z
nenHV =
Z
n2V ⇠ 4
3
⇡r3Vfn
2 (5.4)
where Vf = the volume filling factor. Assuming the distance of the gas is on
the parsec scale and the gas density is of the order of 104 cm 3, supported
by the calculations above, gives Vf = 5 ⇥ 10 4. This is consistent with the
emitting gas being clumpy.
Both the distance of a few parsecs and density of the order of 104 cm 3
are in line with expectations for optical NLR gas (see Chapter 1).
It should be also noted that the log ⇠ value of the emitting gas found from
Cloudy analysis, 1.45 ± 0.05, is consistent with the 2002 log ⇠ value of WA
component B (1.51 ± 0.05, when the WAs were reacting to the unobscured
ionizing flux). Combining this with the consistent distance estimates for the
X-ray NLR (rmin = 13.9± 0.6 pc, this work; 1-15 pc, Detmers et al. 2009) and
for WA component B (<40 pc, Ebrero et al. 2016), can the NLR emission gas
be identified with the WA absorption gas? The column density for the emit-
ting gas determined with Cloudy, log NH = 22.9± 0.4 cm 2, is higher than
the combined column densities of all WA components. However, WAs are seen
along the line of sight while the X-ray NLR emission is likely coming from a
much larger region, given the fact that it is still reacting to the unobscured
SED, so there could be column density variations over that region. The coin-
cidence of ionisation parameters and compatible distances of the X-ray NLR
gas with one of the WA components is not seen here as enough evidence to
conclusively identify any of the WA components as the same physical gas as
the narrow-line emitting gas, although it is suggestive of that possibility.
5.7 Conclusions
I have used the 770 ks RGS spectrum of NGC 5548 from the 2013-14 obser-
vational campaign to show evidence that the narrow emission lines undergo
absorption by at least one of the six known warm absorber (WA) components
in this source. There are indications that the main absorption comes from
WA component B (labelled as such by Kaastra et al. 2014), established from
analysis of the O VII triplet in the wavelength range 21.5-23 A˚. This solu-
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tion also resolves tension between modelled and observed values of the O VII
RRC/f unabsorbed flux ratio. Unfortunately the data do not allow to conclu-
sively distinguish between competing detailed scenarios of absorption of the
narrow emission lines by di↵erent combinations of WA components. The pres-
ence of this absorption is a more important result than which of the specific
components are causing it.
Through comparison to simulated spectra produced by the photoionisa-
tion code Cloudy, both RGS and EPIC-pn data are used to determine that
the emitting gas can be described as reacting to the unobscured SED (i.e. to
ionising radiation before the intervention of the ‘obscurer’ discovered in the
2013-14 observing campaign). The emitting gas has a well constrained ion-
isation parameter of log ⇠ = 1.45 ± 0.05 and column density and turbulent
velocity of logNH = 22.9± 0.4 cm 2 and log vturb = 2.25± 0.5 km s 1 respec-
tively. This is the first time the X-ray NLR emitting gas in this source has
been characterised by an ionisation parameter and column density.
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Chapter 6
NGC 1365: X-ray Narrow Emission
Lines (2004-13)
“You always have two choices: your commitment versus your fear”
Sammy Davis, Jr.
This chapter is based on Whewell et al. (2016).
6.1 Introduction to NGC 1365
NGC 1365 (z = 0.0055) has an interesting observational classification history.
Optically it has been called a Seyfert 1.5, 1.8 or 2 by di↵erent authors (e.g.
Ve´ron et al. 1980; Maiolino and Rieke 1995; Turner et al. 1993, respectively).
Most recent X-ray papers have classified NGC 1365 as a Seyfert 2 owing to
the column density of neutral material (> 1.5⇥1023 cm 2, Risaliti et al. 2007,
2009a) covering its X-ray emission (intrinsic L2 10 keV ⇠ 1042 erg s 1 Risaliti
et al. 2005b). NGC 1365 is also referred to as a ‘changing-look’ Seyfert because
of the variable intrinsic obscuration ranging from Compton thin (as low as
NH ⇠ 1022 cm 2) to Compton thick (NH ⇠ 1024 cm 2) (Matt et al. 2003).
Notably, especially for this work, there is a nuclear starburst in NGC 1365
with a diameter of 10”, which is resolved in X-rays (using Chandra, Wang et al.
2009), and in optical wavelengths into multiple compact star clusters (using
the HST Faint Object Camera, Kristen et al. 1997). This is often referred to
as a ‘ring’, and it is called so in this work, although there is some evidence
from radio emission that the ring is incomplete (Beck et al. 2005). Starburst
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Table 6.1: XMM-Newton and Chandra observations of the nuclear region of NGC 1365
and where the data have been analysed. The final four XMM-Newton observations were
taken simultaneously with NuSTAR. References as follows: (1): Risaliti et al. (2005b); (2):
Risaliti et al. (2005a); (3): Risaliti et al. (2007); (4): Wang et al. (2009); (5): Guainazzi
et al. (2009); (6): Risaliti et al. (2009b); (7): Risaliti et al. (2009a); (8): Risaliti et al.
(2013); (9) Connolly et al. (2014); (10): Parker et al. (2014); (11): Braito et al. (2014); (12):
Walton et al. (2014); (13): Nardini et al. (2015); (14): Rivers et al. (2015)
Telescope Start of obs. Obs. ID Duration (ks) a References
Chandra 2002-12-24 3554 15 1, 9
XMM-Newton 2004-01-17 0205590301 59.7 2, 7, 5, 10
XMM-Newton 2004-07-24 0205590401 68.8 2, 5, 10
Chandra 2006-04-17 6868 15 3, 4
Chandra 2006-04-20 6869 15 3, 4
Chandra 2006-04-23 6870 15 3, 4
Chandra 2006-04-10 6871 15 3, 4
Chandra 2006-04-12 6872 15 3, 4
Chandra 2006-04-12 6873 15 3, 4
XMM-Newton 2007-06-30 0505140201 128.9 6, 5, 10
XMM-Newton 2007-07-02 0505140401 131.1 6, 5, 10
XMM-Newton 2007-07-04 0505140501 130.9 6, 5, 10
Chandra 2012-04-09 13920 90 11, 13
Chandra 2012-04-12 13920 120 11, 13
XMM-Newton 2012-07-25 0692840201 138.5 8, 10, 12, 14
XMM-Newton 2012-12-24 0692840301 126.2 10, 12, 14
XMM-Newton 2013-01-23 0692840401 133.6 11, 10, 12, 14
XMM-Newton 2013-02-12 0692840501 134.7 10, 12, 14
aFor Chandra observations the scheduled length is quoted
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regions are known to produce soft X-rays primarily from collisionally excited,
shock-heated gas, and hard X-rays mainly from accreting compact objects
such as X-ray binaries. Any interpretation of soft X-ray emission from AGN
photoionised gas in NGC 1365 must take this surrounding starburst emission
into account.
Recently, four joint observations of NGC 1365 with NuSTAR and XMM-
Newton have revealed evidence that is used to explain the presence of a broad
FeK line at ⇠ 6.4 keV and a Compton reflection component via a relativistic
reflection model. Risaliti et al. (2013) analysed the first of these four ob-
servations and found that the relativisic reflection model explains the X-ray
spectral features much better than an absorption-dominated model with no
relativistic reflection, both on statistical and physical (comparison to emission
at other wavelengths) grounds. Walton et al. (2014) extended this work and
analysed all four observations in this series, finding that relativistic reflection
models independently fitted to each of the four observations gave consistent
parameters, futher supporting this model. In this model the reflection of hard
X-rays from the inner edge of an accretion disk, coupled with rapid rotation
and relativistic e↵ects near the black hole, alters the shape of the FeK emis-
sion line and also produces a excess of emission over the expected continuum
at higher energies (10-80 keV; known as the ‘Compton hump’). This is in ad-
dition to the already known ‘distant’ reflection component, which produces
the narrow FeK line seen in the data. The competing theory to explain the
spectral shape around the narrow FeK emission line observed in some AGN, is
that absorption from gas within the source causes these features. In the case
of NGC 1365, Miller and Turner (2013) argue that Risaliti et al. (2013) do
not test an accurately modelled absorption scenario, but as Miller and Turner
(2013) themselves do not fit their absorption model to data for NGC 1365
their model is not used in this thesis for any further analysis.
It is well established that the variability seen in the spectrum of NGC
1365 is caused by variations in photoelectric absorption. Recently, Parker et al.
(2014) showed this in a model independent way by using Principal Component
Analysis (PCA). Comparing PCA results of analysis of NGC 1365 to results
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from model spectra, varied in di↵erent physical ways, showed that variable
absorption causes > 90% of the variability in NGC 1365’s observed spectra.
The details of the complex phases of X-ray absorbing gas found in this source
are summarised below.
6.1.1 Emission Line Gas
Gas photoionised by the central AGN of NGC 1365 has been studied in both
optical and X-ray bands. Optical line ratios in an asymmetrical conical region
suggests photoionisation by the AGN (Veilleux et al. 2003; Schulz et al. 1999).
NGC 1365 was the first AGN where high-quality, high-resolution soft
X-ray spectra showed emission lines dominated by collisionally ionised gas
(Guainazzi et al. 2009). In their analysis of a ⇠500 ks stacked spectrum col-
lected by RGS between 2004 and 2007, Guainazzi et al. (2009) model the
emission lines with two collisional components (kT⇠300 and ⇠640 eV) and one
loosely constrained photoionised component (NH   1022 cm 2, log U= 1.6+0.3 0.4,
ne  1010 cm 3).
Studies since Guainazzi et al. (2009) have confirmed the two collisional
phases of emission line gas. Characterising the photoionised emission in the
presence of this collisional emission has been di cult, but restricting the spa-
tial dimension of Chandra HETGS spectra allowed Nardini et al. (2015) to re-
duce the contribution of collisional emission from the circumnuclear starburst
ring in their spectra compared to previous analyses (e.g. Guainazzi et al. 2009).
They confirm the presence of photoionised emission, as well as two collision-
ally ionised phases with di↵erent temperatures to those found by Guainazzi
et al. (2009) (⇠150 eV and ⇠1200 eV as opposed to ⇠300 eV and ⇠640 eV).
Nardini et al. (2015) accept that the spectral quality of their data is limited
by lack of photon counts and therefore a detailed characterisation of the pho-
toionised emission lines cannot be done with this dataset. The authors loosely
constrain the temperature and density of the emitting gas to T < 3 ⇥ 106K
and n < 1013 1014 cm 3 respectively. They could fit the spectrum with three
photoionised emission models at ionisations of log ⇠ > 4.1,⇠ 3.1 ± 0.3 and
< 0.6 but recommend interpretation of this as simply proof of the existence
of a large range of ionisation states.
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Using the Chandra data, Nardini et al. (2015) estimated the location of the
photoionised gas to be ‘across the virtual BLR/NLR boundary’, based on some
evidence of broadening of the emission lines (⇠ 1000 km s 1). Guainazzi et al.
(2009) tentatively suggested the inner face of the photoionised gas could be
  0.75 pc from the source, potentially placing it within the BLR. Braito et al.
(2014) use an XMM-Newton observation in 2013 (RGS and EPIC) and also
conclude that some emission line gas is located within the BLR, as they see the
MgXII Ly-↵ emission line increase in strength as their measured absorption
decreases. They interpret this as either the uncovering of emission from within
their most variable absorber (r < 1017 cm) or ionised gas responding to a
change in its illuminating continuum, which (given the likely timescales) would
have to be a compact region and then would likely be located at r ⇠ 1015 cm
from the source.
Finally, Braito et al. (2014) suggest that the MgXII emission and absorp-
tion lines in the highest flux part of their observation are reminiscent of a
classical P-Cygni profile, and therefore could hint at a common origin for both
from an outflowing wind.
6.1.2 X-ray Absorbers
The X-ray absorption complex within NGC 1365’s nuclear region has been
studied in detail. In addition to the original neutral absorber characterised
by Risaliti et al. (2005b), shown to cause the main variability seen from the
source (Risaliti et al. 2005b, 2009b; Parker et al. 2014), many other absorption
layers have also been detected with X-ray data.
Risaliti et al. (2005a) found absorption lines between 6.7 and 8.3 keV with
XMM-Newton EPIC data of the source in a Compton-thin state, which they
attribute to an absorber originating from an accretion disk wind.
By analysing one 120 ks (2013) XMM-Newton observation in detail, Braito
et al. (2014) find at least two ionised absorber phases (and evidence for a
third), which are needed to fit the RGS spectrum, as well as a neutral absorber
needed to fit the EPIC spectrum (not statistically required in the RGS band).
The lowest ionisation phase of these three is found to be partially covering
and variable in column density over timescales as short as 40 ks (within the
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120 ks observation). The three ionised absorber phases they use are each
responsible for di↵erent signatures within the data. Their highest ionisation
phase (log ⇠ = 3.8), which causes the absorption features around the FeK line
complex (the absorption lines found by Risaliti et al. 2005a), is outflowing at
3900 km s 1, and is only needed by the EPIC spectrum. Their mid ionisation
phase (log ⇠ = 2.1) produces Mg, Si and S absorption lines, fitted in both RGS
and EPIC spectra, and with an RGS measured outflow velocity of 1200 km s 1.
Their lowest ionisation phase (log ⇠ < 1) causes spectral curvature in the EPIC
spectrum and the Fe UTA in the RGS spectrum. Braito et al. (2014) propose
that the three ionised absorber phases are part of a disk wind, and the lowest
ionisation phase could be identified as the partially covering neutral absorber
previously detected by Risaliti et al. (2005b), located around the distance of
the BLR (r< 1016 cm; e.g. Brenneman et al. 2013; Risaliti et al. 2005a).
The same four 2012-13 joint XMM-Newton and NuSTAR observations
analysed by Walton et al. (2014), Risaliti et al. (2013) and Braito et al. (2014)
were also studied by Rivers et al. (2015), to untangle any extra complexities
and layers of neutral absorption. The Rivers et al. (2015) model also includes
absorption lines to represent the ionised absorption discovered around 6-8 keV
by Risaliti et al. (2005a). They observed that when the source becomes un-
covered by its high column density partially covering absorber (the covering
fraction decreases), such as in observations 2, 3 and 4 of this set (in Dec 2012,
Jan 2013 and Feb 2013 respectively), an additional layer of fully covering neu-
tral absorption is needed to fit the spectrum.
Their model for a partially covering layer of absorption varies substan-
tially within and between observations 1, 3 and 4. Its behaviour during ob-
servations 1 and 4 is similar, with column density changes but no covering
fraction changes, and here Rivers et al. (2015) call it a “partial-covering ‘high
column density’ absorber”. Its behaviour in observation 3 is very di↵erent,
with a rapid drop of both covering factor and column density, which Rivers
et al. (2015) refer to as an uncovering of the source, and call this a “patchy
partial-covering” absorber instead. They argue that these two di↵erent be-
haviours are evidence that the one partial covering model they use actually
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tracks di↵erent layers of the absorption, in reality distinct from each other.
The work in this chapter looks at the RGS data from all four of these 2012-
13 XMM-Newton observations, and at the XMM-Newton observations from
2004 and 2007, in order to analyse in a uniform way and further characterise
the X-ray narrow-line emitting photoionised gas. This chapter is structured
as follows: Sect. 6.2 describes the observations; Sect. 6.3 presents an analysis
of the emission line spectrum from NGC 1365, firstly using Gaussian line
models (Sect. 6.3.1) before moving on to a combination of physically motivated
emission models (Sect. 6.3.5). The implications are discussed in Sect. 6.4,
and finally the work is concluded in Sect. 6.5.
6.2 Observations and Data Reduction
In this work I consider the nine XMM-Newton observations of NGC 1365,
obtained from the XMM-Newton Science Archive; two from 2004, three from
2007, two from 2012 and two from 2013 (see Table 6.1). Only the RGS data
from each observation are used as they are the only data of high enough
resolution to study the narrow emission lines.
The data are reduced as described in Chapter 4, for one spectrum for each
observation, combining both RGS chains and both spectral orders.
The RGS data are analysed in the range 11-38 A˚, with a bin size of 0.033 A˚,
which over-samples the RGS resolution element of ⇠0.07 A˚. As discussed below
the spectra vary between observations shortwards of 11 A˚, which makes the
continuum uncertain in the stacked, time-averaged spectra used in this work.
All the spectra in this chapter are shown as background-subtracted and in the
observed frame. The spectral analysis and modelling for this work was done
with spex (v.2.06.01).
6.3 Analysis
The 2012-13 observations (1, 2, 3 and 4) were first compared by eye, and I
determined that observations 1, 2 and 4 are very similar above 11 A˚. I stacked
these three observations together to begin the analysis, with a combined ex-
posure time of ⇠355 ks. Observation 3 has a lower level of absorption than
the others (Braito et al. 2014).
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I also reduced and stacked the five observations taken in 2004 and 2007,
giving a stacked spectrum of ⇠419 ks, in order to compare these results with
Guainazzi et al. (2009) and to check any variation of the emission lines over
time. I return to the individual observations to look for variations between
their emission lines after establishing a baseline model (Sect. 6.3.2).
As already discussed in Chapter 4, when using C-statistic to fit models
in spex, as well as the calculated C-statistic value, spex also gives the ex-
pected C-statistic value and its r.m.s. uncertainty to help the user determine
goodness-of-fit. For the 2012-13 stacked spectrum the expected C-statistic is
911± 43 and for the 2004-07 stacked spectrum it is 907± 43.
6.3.1 Testing the 2012-13 Stacked Spectrum with Continuum
Model and Gaussian Lines
As Braito et al. (2014) have previously analysed the Jan 2013 observation
(Obs. 3, the least absorbed of the four 2012-13 observations), this analysis
begins by using their continuum and absorption model. Their use of EPIC
data allows much better contraints of the continuum than is possible using
just the RGS data. As observation 3 has lower neutral absorption than the
other 2012-13 observations, it reveals ionised absorber phases not previously
seen. For this a power law model, absorbed by three ionised absorbers (log ⇠
of 3.77, 2.15 and 0.17, as in Table 4 of Braito et al. 2014) was used. The power
law normalisation was left free to vary, and   was fixed to a value of 2.1 to
match their EPIC fits. At this stage I have not fitted any of the emission lines,
so have an unacceptable C-statistic value of >7000.
Gaussian lines were then fitted to the data to represent the narrow emis-
sion lines, adding a Gaussian if the best fit C-statistic improves by 6.25, corre-
sponding to a 90% confidence level for three extra free parameters (normalisa-
tion, width and peak wavelength). These Gaussian models are only absorbed
by the Galactic NH , and none of the absorption intrinsic to NGC 1365. For the
He-like triplets in this wavelength range I included three components (reso-
nance, intercombination and forbidden) if at least one was detected at the 90%
level. These ‘triplets’ really include four components, but at RGS resolution
the two components of the intercombination line cannot be separated. I also
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Table 6.2: Narrow emission line best fit intensities from the 2012-13 stacked spectrum and
2004-07 stacked spectrum. A star marks uncertainty in the assigned transition. G09 refers
to Guainazzi et al. (2009). Overall C-statistic = 1445 (2012-13) and 1548 (2004-07)
Line Transition a Rest   2012-13 Intensity 2004-07 Intensity 2004-07 (G09) Intensity
(A˚) (10 5 ph cm 2 s 1) (10 5 ph cm 2 s 1) (10 5 ph cm 2 s 1)
Ne X 1s-2p 12.14 0.85±0.11 1.12±0.11 1.0±0.2
Fe XXI * 12.29 0.20±0.09 0.21±0.08 -
Ne IX r 13.45 0.99±0.13 1.28±0.11 0.42±0.18
Ne IX i 13.55 <0.13 <0.08 <0.33
Ne IX f 13.70 0.90±0.10 1.02+0.08 0.02 0.40±0.12
O VIII RRC 14.23 0.44±0.07 0.59±0.07 0.42±0.13
Fe XVIII * 14.41 0.33±0.10 0.20±0.05 -
Fe XVII 3d-2p 15.03 1.63±0.09 1.66±0.09 1.49±0.17
O VIII 1s-4p / 15.18
Fe XVII 3d-2p 15.26 1.18±0.10 1.02+0.08 0.03 -
O VIII 1s-3p 16.01 0.87±0.08 0.81±0.07 0.75±0.13
O VII RRC / 16.77
Fe XVII 2s-2p 16.78 1.05±0.08 1.12±0.08 0.47±0.15
Fe XVII 3s-2p 17.07 2.31±0.12 2.73±0.11 1.89±0.19
N VI RRC / 18.59
O VII 1s-3p 18.63 0.25±0.07 0.51±0.10 -
O VIII 1s-2p 18.97 2.65±0.13 2.97+0.12 0.05 2.5±0.2
O VII r 21.60 1.23±0.16 1.01±0.15 1.0±0.2
O VII i 21.81 0.50±0.13 0.58±0.13 0.6±0.2
O VII f 22.10 2.04±0.19 2.23±0.19 2.4±0.3
N VII 1s-2p 24.78 1.35±0.13 1.60±0.12 1.2±0.2
N VI 1s-3p 24.90 0.66±0.10 0.47±0.08 -
C VI 1s-4p 26.99 0.27±0.09 0.12+0.10 0.06 0.40±0.18
C VI 1s-3p 28.44 0.23±0.13 0.61±0.13 0.6±0.3
N VI r 28.79 0.34±0.18 0.26±0.14 0.7±0.4
N VI i 29.08 0.24±0.15 0.25±0.14 <0.6
N VI f 29.53 1.70±0.20 1.61±0.18 1.8±0.3
C VI 1s-2p 33.74 1.30±0.24 1.86+0.13 0.18 1.4±0.5
ar, i and f represent the resonance, intercombination and forbidden lines of an He-like triplet,
respectively
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Fig. 6.1: 2012-13 RGS spectrum and line labels for detected emission lines. r, i and f rep-
resent the resonance, intercombination and forbidden lines of a He-like triplet, respectively.
A * indicates uncertainty in the line identification. The data are binned by two for display
purposes. The data are shown in black, and the model in red. For details of the model
shown here, see Sect. 6.3.5.
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included any relevant lower order transitions for an ion where a higher order
transition is detected at the 90% level. For example, C VI 1s-3p (28.44 A˚)
is included, although its detection did not fulfil this criterion, because C VI
1s-4p (26.99 A˚) is detected at the stated level.
I explored whether the parameters of the power law ( ) and absorber
components (⇠ and NH) change when they are fitted, rather than directly
using Braito et al. (2014)’s values. I expect changes to the absorption, because
there are visible di↵erences between observation 3 (which Braito et al. (2014)
analysed in detail) and observations 1, 2 and 4, which are stacked here. The
Gaussian lines were fixed to their current best fit values and first the   of the
power law was allowed to vary. This was unconstrained by the RGS data, as
expected, so it was fixed back to 2.1. I then also allowed the ionisations or
the column densities of the absorbing components (as xabs models) to vary.
Finally both the ionisations and column densities of the xabs models were
allowed to vary at the same time.
The highest ionisation WA component is constrained by Braito et al.
(2014) using EPIC data, so it is unsurprising that this becomes very
loosely constrained using only RGS data. The low and mid ionisation
components increase in ionisation (from log ⇠ 0.17±0.1 to 0.70±0.1 and
2.15± 0.1 to 3.05± 0.4 respectively) and also change in column density
(from 1.1±0.1⇥1022 cm 2 to 2.7±0.3⇥1022 cm 2 and 1.1±0.4⇥1022 cm 2 to
<0.5⇥1022 cm 2). I also find an upper limit to the presence of neutral ab-
sorption, which has a column density of <0.023⇥1022 cm 2, and the inclusion
of this is what renders the mid-ionisation WA phase statistically unnecessary.
This is unsurprising as Braito et al. (2014) analysed the least absorbed of the
four 2012-13 observations, and the lower neutral absorption allowed them to
detect the previously unseen log ⇠ ⇠ 2 absorbing phase.
So the highest ionisation absorber’s ionisation and column density, as well
as the mid ionisation absorber’s ionisation value were fixed to the parameters
reported by Braito et al. (2014) and the other ionised absorber parameters,
the neutral absorber column density, as well as the power law normalisation
were left free to vary. These parameters remained consistent with those in
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the previous paragraph, with a C-statistic of 1445, an improvement on the
previous C-statistic (including gaussian emission lines) of > 150, with only
four additional free parameters.
I took this overall model for the 2012-2013 observations and refitted both
the continuum, absorption and emission lines to a stacked spectrum combining
the two 2004 and three 2007 observations. In this case the power law   value
was fixed to 2.6 to better represent the intrinsic continuum at that time, as
Risaliti et al. (2005a) and Risaliti et al. (2009b) show that the powerlaw  
was steeper in the 2004 and 2007 observations (⇠ 2.6, compared to 2.1 during
the 2012-13 observations). The same absorption parameters were allowed to
vary as described above. These are the best fit models, and the emission line
intensities are given in Table 6.2, where they are also compared to Guainazzi
et al. (2009)’s results. This comparison is discussed in Section 6.3.3. The line
identifications can be seen with the data in Fig. 6.1, and all the detections are
consistent with being at rest relative to the host galaxy within 3  uncertainties.
6.3.2 Fitting Individual Observations
The best fit models to the stacked spectra described in the above section were
fitted to the relevant individual observations. First the continuum and ab-
sorption parameters were refitted (with the emission lines fixed) and then the
emission lines, continuum and absorption parameters were all fitted together.
The absorption varies between observations, as expected (e.g. Parker et al.
2014). As absorption variability in this source is a well-studied and compli-
cated phenomenon, it is not commented on further for the work in this chapter.
The absorption has only briefly been modelled here to ensure there is an appro-
priate continuum and absorption model underlying the emission model, and
each observation’s model has been visually inspected to ensure the continuum
and absorption are well represented.
All individual observations are fitted well, and any potential variations
of the emission lines are smaller than their 3  uncertanties within the two
stacked epochs (2004-07 and 2012-13).
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Fig. 6.2: Location of the two new 1s-3p emission lines found, with gaussian components
shown. In both panels the data are shown in black, the total model in red and the absorbed
powerlaw component in green. Left: Gaussian components for O VIII 1s-2p and O VII
1s-3p shown in blue and pink respectively. Right: Gaussian components for N VII 1s-2p
and N VI 1s-3p shown in blue and pink respectively.
6.3.3 Emission Line Comparison
The emission lines I found in the 2012-13 (observations 1, 2 and 4) and 2004-
07 stacked spectra are compared with the emission lines found by Guainazzi
et al. (2009) in their 2004-07 stacked spectrum (see Table 6.2).
I have found emission lines at all wavelengths where Guainazzi et al. (2009)
report emission lines, and evidence for five additional emission lines.
The additional emission lines found at 18.66+0.02 0.08 A˚ and 24.85±0.02 A˚ have
been labelled as O VII 1s-3p (rest wavelength: 18.63 A˚) and N VI 1s-3p (rest
wavelength: 24.90 A˚) respectively. Both these lines su↵er from blending with
nearby, stronger emission lines (O VIII 1s-2p and N VII 1s-2p respectively),
as shown in Fig. 6.2. There could also potentially be a nitrogen RRC contri-
bution at 18.59 A˚ contaminating the O VII 1s-3p line, and this is di cult to
disentangle.
The emission line at 15.22±0.01 A˚ could be identified with either O VIII
Ly  (rest wavelength: 15.176 A˚) or Fe XVII 3d-2p (rest wavelength: 15.262 A˚),
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and this is likely to be a blend of both. If this line is O VIII Ly  then a stronger
intensity is measured for this than for O VIII Ly  (rest wavelength: 16.01 A˚)
which is not expected. It is more reasonable that this is a blend of both O VIII
Ly  and Fe XVII 3d-2p line emission, especially as another Fe XVII 3d-2p line
is detected at 15.03 A˚.
I have tentatively assigned the final two newly detected emission lines
(found at 12.29 and 14.41 A˚) to Fe XXI and Fe XVIII emission, although
there are many possible alternative Fe transitions in these regions.
Of the emission lines found here, that were also measured by Guainazzi
et al. (2009), intensity values in the 2004-07 stacked spectrum match Guainazzi
et al. (2009)’s values well, within 1  uncertainties, with a few exceptions: Ne
IX r, Ne IX f, O VII RRC, Fe XVII 3s-2p and O VIII 1s-2p. For all the
exceptions I measure higher intensities than Guainazzi et al. (2009). This is
at least in part owing to the di↵erence in line widths assumed between the
two works - Guainazzi et al. (2009) assumed the lines were all unresolved (and
therefore set their line widths to zero) whereas this work allows the line widths
to be free to vary. For the Ne XI He-like triplet, which appears blended, this
leads the forbidden and resonance lines to broaden and account for more of
the flux, and the intercombination line has a correspondingly smaller upper
intensity limit than that of Guainazzi et al. (2009) in response. By fixing the
widths of these lines to zero, the intensities fall much more in line with those
of Guainazzi et al. (2009), and only the O VII RRC intensity is left with a
discrepancy.
In the case of the O VII RRC, there is also potential contamination
by the Fe XVII 2s-2p line (rest wavelength: 16.78 A˚). This is discussed by
Guainazzi et al. (2009) who attribute an intensity of 0.9±0.4⇥10 5 ph s 1 cm 2
to the O VII RRC (given in their text) although their Table 2 quotes
0.47±0.15⇥ 10 5 ph s 1 cm 2 for the entire feature. An intensity of 0.9±0.4⇥
10 5 ph s 1 cm 2 is consistent with result in this work for the entire feature at
that position.
There are some emission lines which show hints of variation between the
measured intensities in 2012-13 and 2004-07, but only at the 1  level. I return
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to comparing the two time periods in Sect. 6.3.6.
The narrow emission lines have also been studied by Nardini et al. (2015),
although their statistics is very low (partially owing to extracting the spec-
trum from a smaller spatial area), especially over the O VII triplet region.
Their best constrained lines are at higher energies (shorter wavelengths) than
investigated here, but there are some emission lines measured in both. The
smaller extraction region used in Nardini et al. (2015) allows cleaner detections
of emission lines from the AGN NLR to be made, without as much contami-
nation from emission from the starburst region. The intensity of the O VIII
1s-2p and Ne X 1s-2p lines is measured to be much larger in this work than in
Nardini et al. (2015), implying that at least some of the emission from these
lines measured here is collisionally excited emission from the nuclear starburst
region. This is discussed further in Section 6.3.5.
6.3.4 Feature at 23.2 A˚
In addition to the emission lines discussed in the previous section, a feature
is also detected at 23.237± 0.020 A˚ in the 2012-13 stacked spectrum (see Fig.
6.1), which I initially identified as N VI 1s-5p (rest wavelength of 23.277 A˚),
although only tentatively. The strength of this line is much higher than ex-
pected from a collisional or photoionised gas, because the lower order N VI
transitions are much weaker than this feature (except the N VI He-like triplet).
Potentially, if there was charge exchange (CX) emission, this emission
line could be enhanced compared to the lower order transitions (for more
information on CX, see Chapter 2). If CX emission is enhancing the N VI
1s-5p line, then the same would be expected to happen for ions of the same
iso-electronic sequence in nearby elements, which is not the case; the O VII
1s-5p line (17.396 A˚) and the Ne IX 1s-5p line (10.76 A˚) are not enhanced.
Because of this, I consider the possibility of CX emission (or any other physical
mechanism enhancing this transition) causing this feature to be very unlikely.
In addition, it should be noted that the CCD on RGS2 covering this wave-
length range failed shortly after launch, thus reducing the signal to noise ratio
in the spectrum, and that there are known instrumental features from oxygen
absorption (23.05 A˚ and 23.35 A˚; de Vries et al. 2003) which also contribute in
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this region.
Finally, the significance of this feature is estimated to be 3 , giving a
probability of 0.3% that a feature of this strength may be seen by chance.
This feature is driven by its central data point that, while strong, does have a
larger uncertainty than the other data points around it. The above probability
corresponds to an expectation that 1/370 events will be further than 3  from
the correct model. Therefore given the number of bins, two non-physical
features of this significance are expected to be present in the spectrum.
The origin of this feature is not known, and it is not considered further
within this analysis.
6.3.5 Physically Motivated Emission Models
First I tested whether collisional ionisation models on their own could fit the
NGC 1365 spectra, as the starburst ring has previously been shown to con-
tribute to the RGS spectra (Guainazzi et al. 2009). Collisional emission models
were added one at a time (cie models from spex; over the best fit continuum
and absorption model from Sect. 6.3.1), with their normalisations and tem-
peratures allowed to vary, until any further additions did not improve the
overall fit. The overall fit is considered to be improved when the C-statistic
decreases by   4.61, corresponding to 90% confidence level for two free pa-
rameters (temperature and normalisation). With this method four collisional
phases were added, each giving a C-statistic decrease of 2975, 497, 32 and 40
respectively. These models correspond to best fit temperatures of 150±10 eV
350±50 eV, 660±30 eV and 2800+4100 1000 eV, similar to the temperature ranges
of the two component collisional models in both Braito et al. (2014) and
Guainazzi et al. (2009) (300 eV-700 eV and 150 eV-1200 eV, respectively) with
an additional higher temperature phase. This high temperature phase is not
well constrained and contributes very little to the line emission; only small
contributions to O VIII 1s-2p and weak lines at the shortest wavelength range
(11-12 A˚) are made by this component. The total luminosity (0.3-2 keV) from
the four collisional models is 6.5+3.0 1.7 ⇥ 1040 erg s 1, with a C-statistic of 1972.
Although no more collisional models are needed by the data, this is still
not a satisfactory fit, especially around the O VII triplet (⇠22 A˚), because the
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Fig. 6.3: Best fit to the O VII triplet, with absorbed power law and four collisionally
ionised emission models. The data are shown in black, the total model in red and the
absorbed powerlaw component in light blue. The collisional emission components at tem-
peratures 150 eV, 350 eV, 660 eV and 2830 eV are shown in green, dark blue, pink and yellow
respectively. The data are binned by two for display purposes.
resonance line is overestimated and the forbidden line is underestimated (see
Fig. 6.3).
Alternatively I tried to fit the emission line spectra with only photoionised
models. As spex does not yet include a photoionisation emission model, the
photoionised emission was fit with simulated spectra from Cloudy (Ferland
et al. 2013). The Cloudy models are generated assuming a plane parallel
geometry, with the central source illuminating the inner face of the cloud
and with a flux density dependent on a chosen ionisation parameter, ⇠. The
gas cloud has proto-solar abundances (Lodders et al. 2009). The ionisation
parameter (log ⇠ =0.1-3.3 erg cm s 1), column density (log NH =21-24 cm 2)
and turbulent velocity (log vturb =1.0-3.5 km s 1) of the illuminated cloud are
varied over the stated ranges to generate a grid of simulated spectra.
NGC 1365 is an obscured AGN, so the nucleus is likely to be observed
closer to edge on than face on (by the Unification Theory), so the shielded
face of the NLR gas, opposite to the illuminated face, will be seen to a lesser
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degree than for a face on nucleus. As emission from the illuminated face of the
NLR gas already dominates the emission lines of a face on AGN (see Chapter
5), the reflected output of Cloudy is used as the narrow emission line model
for this work.
A standard Seyfert 1 AGN SED is used as I assume the X-ray narrow-line
emitting clouds see the nuclear continuum. This assumption is justified by the
luminosity of the [O III]  5007 emission line from the photoionised ionisation
cone southeast of the nucleus; the photoionisation cone has a typical AGN
[O III] /H↵ line ratio (Veilleux et al. 2003) and an [O III]  5007 luminosity
of ⇠ 4 ⇥ 1040 erg s 1 (Kristen et al. 1997), which together with the hard X-
ray luminosity (14-195 keV) of 1042.68 erg s 1 (Tueller et al. 2010), place NGC
1365 within the expected region on a L[OIII] (observed) vs L14 195 keV plot (see
e.g. Winter et al. 2010). If the optical NLR was seeing an absorbed nuclear
SED then the optical emission line luminosities would be much smaller than
observed.
It is worth noting here that Guainazzi et al. (2009) made the counter
argument, as they found the total soft X-ray contribution from photoionised
gas relatively weak compared to other AGN. The similarity of photoionisation
parameters in final models from both the work by Guainazzi et al. (2009) and
the work here implies that this di↵erence does not alter the overall conclusion.
As these Cloudy models only include the emission directly from the
photoionised cloud, the continuum and absorption described in Section 6.3.1 is
included. These components were fixed to their best fit parameters previously
determined in Sect. 6.3.1. Each Cloudy model was imported (one by one)
into spex (as a file model), and broadened by a vgau model. As in the case
of NGC 5548 in Chapter 5, the broadening is applied because while Cloudy
takes the e↵ect of turbulence within the gas into account for the line strengths,
it does not use this to broaden the line profiles in the produced spectra 1. The
normalisation of the file model, and sigma value of the vgau model are the
only free parameters during this fit. Each Cloudy model is fitted in turn to
the data using this process, finding a C-statistic value appropriate for each
1See Hazy 1 documentation, page 162
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Fig. 6.4: Best fit to the data with absorbed power law and four photoionised emission
models, 11-21 A˚ range shown. The data are shown in black, the total model in red and the
absorbed powerlaw component in light blue. The photoionised emission phases 1, 2, 3 and
4 are shown in green, pink, dark blue and yellow respectively.
one. A first photoionisation model is considered to be needed if the best fit
C-statistic improves by 9.24, corresponding to a 90% confidence level for five
extra free parameters (column density, ionisation parameter and turbulent
velocity of the Cloudy models, plus normalisation of that model in SPEX
and broadening applied by the file model). Further phases of photoionised
gas are considered to be needed if the best fit C-statistic improves by 7.78,
corresponding to a 90% confidence level for four additional free parameters (all
of the above, without broadening applied by the file model as this is applied
to all photoionised phases).
With this method four Cloudy models were added, giving C-statistic
decreases of 2161, 277, 116 and 52 respectively. The best fit models had log ⇠
values of 2.7, 1.1, 2.3 and 0.1, logNH values of 23.5, 24, 21.25 and 24 cm 2
and log vturb values of 3.5, 1.0, 3.0 and 1.0 km s 1 respectively. The total
luminosity (0.3-2 keV) from the four Cloudy models is 4.2±0.6⇥1040 erg s 1,
with a C-statistic of 2909. While no more photoionised models are needed by
the data, this is still not a satisfactory fit, especially around the Fe lines at
⇠15 and 17 A˚ (see Fig. 6.4).
As neither collisional nor photoionised emission alone fits the data, com-
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Fig. 6.5: The stacked 2012-13 spectrum with best fit continuum and absorption model,
two collisional emission models and three photoionised emission models, all using solar
abundances. C-statistic = 1756. The data are shown in black, the total model in red
and the absorbed powerlaw component in pink. The collisional emission components are
combined and shown in green. The photoionised emission phases are combined and shown
in blue. The data are binned by two for display purposes. For details see text.
bination of both was tested. Gas phases were added one by one; either a col-
lisional or photoionised phase at each stage, depending which gives a greater
improvement in the C-statistic. The same criteria as above are used to de-
termine whether a phase is necessary. The normalisations of all phases (both
photoionised and collisional) are left free to vary throughout this process, along
with the temperatures of the collisional phases and the broadening values.
The best fit in this case is obtained with two collisional phases (at temper-
atures 200±10 and 540±20 eV) and three photoionised Cloudy phases with
log ⇠ of 1.5, 2.5 and 1.1 erg cm s 1, log NH of 22.25, 21.75 and 22.25 cm 2,
each having a vturb of 102.5 km s 1, giving a C-statistic of 1756. Two of the
photoionised phases within this fit have very similar parameters; both have
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the same column density and turbulent velocity, and have ionisation parame-
ters (log ⇠) of 1.5 and 1.1 erg cm s 1. To test whether both phases are needed,
the higher ionisation (log ⇠ = 2.5) phase and collisional phases were used as a
baseline to add one further photoionised phase to the fit. This added a phase
with log ⇠ of 1.3, but gave a C-statistic of 1817, with a  C of +61 compared
to the three photoionised, two collisional phase model.
As shown in Figure 6.5, the O VII triplet is now well fitted with this
combination of two collisional and three photoionised emission components.
The total 0.1-2.5 keV luminosity from the collisional components of this model
is 2.45±0.20 ⇥ 1040 erg s 1, consistent with that expected from the starburst
ring in this object, given by Wang et al. (2009)’s Chandra analysis as 2.7+0.7 0.6⇥
1040 erg s 1.
Even though no further phases of either photoionised or collisionally
ionised gas improve the statistical fit, the N VII Ly↵ (⇠ 25 A˚) and N VI
forbidden (⇠ 30 A˚) lines are still underpredicted by the combined model (Fig.
6.5). These are the only two strong nitrogen emission lines in this spectrum (al-
though there are also other, much weaker nitrogen lines), which suggests there
may be an overabundance of nitrogen compared to the proto-solar abundances
(Lodders et al. 2009) used within the Cloudy model. This interpretation is
supported by the detection of super-solar nitrogen abundances in other AGN
outflows (e.g. Gabel et al. 2006; Arav et al. 2007, using UV absorption lines),
as well as a specific suggestion of higher nitrogen abundances in the optically
detected outflows of this object by Schulz et al. (1999).
Further Cloudy models were run to test this, for the three phases already
fitted, with a range of di↵erent nitrogen abundances (⇥ 2, 5, 10 and 20 over-
abundant relative to the Lodders et al. (2009) values used previously). The
varying nitrogen abundance alters the strength of the two nitrogen emission
lines mentioned above: N VII Ly↵ at ⇠25 and N VI f at ⇠30 A˚. The two nitro-
gen RRCs also change slightly in strength, at ⇠19 (N VI) and ⇠22.5 A˚(N VII).
The higher the nitrogen abundance, the stronger the nitrogen features, includ-
ing the nitrogen RRC at ⇠22.5 A˚. As this particular feature gets stronger, the
O VII f line gets weaker, which reduces the quality of the overall fit to the
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Fig. 6.6: Fits with two collisional, three photoionised emission models. Models with five
times over abundance of nitrogen for intrinsic AGN gas only (dashed blue line), starburst
emission lines only (dashed green line) and for both intrinsic AGN and starburst gas (thick
red line), are compared to the same model with solar abundances throughout (thin pink
line). The data are binned by two for display purposes. For details see text and Table
6.3. Left: Region around N VII 1s-2p and N VI 1s-3p. Right: Region around N VI He-like
triplet, including C VI 1s-3p (observed at 28.6 A˚).
spectrum.
If there is an overabundance of nitrogen in the nuclear region of NGC 1365
it could reasonably be expected to be present in the starburst ring surrounding
the nucleus as well as in the gas intrinsic to the AGN.
Therefore 2, 5 and 10 ⇥ nitrogen abundances were tested self-consistently
with the collisional emission (representing the starburst region), the Cloudy
phases (representing the photoionised AGN emission) and the intrinsic AGN
absorption (the traditional warm absorber phases). A nitrogen abundance
of five times proto-solar was found to fit the spectrum well, reducing the C-
statistic by 120 to 1636 compared to the solar abundance model (see Table 6.3
and Fig 6.6).
As Fig. 6.7 shows, the N VII RRC at ⇠22.5 A˚ visually seems stronger
in this model than the data. This feature is from the photoionised emission
phases, so one option to reduce the emission here in the total model would
be to reduce the nitrogen overabundance in the AGN emission. One could
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Table 6.3: Results from testing di↵erent nitrogen abundances in both the AGN and star-
burst spectral components. Using solar abundances in all components gives C-statistic =
1756. See text for details.
Components with 2 ⇥ 5 ⇥ 10 ⇥
non-solar abundances nitrogen nitrogen nitrogen
intrinsic AGN emission 1714 1674 1667
intrinsic AGN emission
and absorption 1712 1663 1658
starburst emission 1713 1663 1701
all 1681 1636 1731
argue that leaving the AGN emission at solar abundances would help the
model fit well here, but this ‘solution’ would reduce the goodness of fit to
the N VI triplet at 28.5  30 A˚, because the nitrogen overabundance in AGN
(photoionised) emission contributes heavily to the N VI f emission line.
To narrow down the N abundance further, 3, 4, 6, 7 and finally 4.5 ⇥
overabundance of nitrogen relative to the Lodders et al. (2009) values were
tested (using the same method as above). A nitrogen abundance in the nuclear
regions of NGC 1365 of 4.5±0.5 ⇥ solar (Lodders et al. 2009) best fits the data,
giving a C-stat of 1634, shown in Fig. 6.7. The collisional and photoionised
phase parameters are contained in Table 6.4.
As this method was successful at improving the fit of the nitrogen lines,
higher iron abundances were also tested to improve the fit of the Fe XVII
3s-2p line at ⇠17 A˚ and the Fe XVII 3d-2p / O VIII 1s-4p blend at ⇠15.2 A˚.
Statistically, an overabundance of iron indicates a worse fit ( C > 34); the
problematic iron lines remain underestimated and there are also problems
fitting lines from other elements. Therefore an overabundance of iron is not
included in the final model.
The final model is shown in Fig. 6.7 and includes two collisional emission
phases, three photoionised emission phases, and an absorbed powerlaw con-
tinuum (as described in Sect. 6.3.1). All nuclear gas phases (both starburst
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Fig. 6.7: Final best-fit model for the 2012-13 stacked spectrum of NGC 1365 with
4.5⇥ solar nitrogen abundance, two collisional emission models representing the starburst
ionised gas and three photoionised emission models representing the AGN ionised gas. The
data are shown in black, the total model in red and the absorbed powerlaw component in
pink. The collisional emission components are combined and shown in green. The pho-
toionised emission phases are combined and shown in blue. The data are binned by two for
display purposes. For details see text and Table 6.4
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Table 6.4: Parameters of the final best fit model, shown in Fig 6.7. C-statistic = 1634.
All components listed here have an enhanced nitrogen abundance of 4.5 ⇥ solar.
Parameter Phase 1 Phase 2 Phase 3
Collisional gas
T (keV) 0.220±0.010 0.570±0.015 -
Emission measurea 3.77±0.37 6.71±0.34 -
Photoionised gas
log ⇠ (erg cm s 1) 1.5±0.2 2.5±0.2 1.1±0.2
logNH (cm 2) 22.25±0.25 21.75±0.25 22.25±0.25
vturb (km s 1) 102.5±0.5 102.5±0.5 102.5±0.5
aIn units of 1068m 3
and AGN, emission and absorption) have enhanced nitrogen abundances of
4.5 ⇥ solar. The parameters of the emission phases in this model are shown
in Table 6.4. The temperatures of the collisional phases are similar but not
consistent with the collisional components from Guainazzi et al. (2009). This
is owing to di↵erent analysis methods, as in the work described here the col-
lisional phases’ temperatures and normalisations were allowed to vary while
fitting photoionised phases to the data, whereas Guainazzi et al. (2009) kept
their baseline model fixed.
In addition, a better fit ( C = 120) is found when both the collisional line
emission models are broadened by a spex vgau model. The collisional models
fit best with a broadening of   = 690 ± 50 km s 1, while the photoionised
models are broadened by   <225 km s 1. As introduced in Chapter 3, RGS
spectral lines can be broadened by the extent of a non point-like source. The
amount of broadening is given by the formula:
   =
0.138
m
 ✓ (6.1)
where    is the wavelength broadening (in A˚), m is the spectral order and ✓
is the source extent in arcminutes (ESA XMM-Newton SOC 2016).
Using the Chandra images in Wang et al. (2009) the soft X-ray emission of
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Fig. 6.8: The 2012-13 best-fit emission line model fitted to the 2004-07 stacked spectrum.
Only the normalisations and broadening values of the emission line model were fitted to this
spectrum. The data are shown in black and the total model in red. The data are binned
by two for display purposes.
NGC 1365 is estimated to be 20 arcseconds across, corresponding to a broad-
ening of 620 km s 1 at 22 A˚. This is a reasonable match to the broadening
of the collisional emission, and is much larger than that of the photoionised
emission, indicating that most of the photoionised emission comes from a more
compact region, within the starburst ring. By comparing RGS and Chandra
ACIS spatially resolved spectroscopy, Guainazzi et al. (2009) also concluded
that the bulk of the photoionised emission comes from the central nucleus
unresolved by Chandra.
6.3.6 2012-13 Best Fit Model with 2004-07 Data
The best fit model for the 2012-13 stacked spectrum, described above, is fitted
to the 2004-07 stacked spectrum, with the 2004-07 continuum and absorption
model from Sect 6.3.1. Only the normalisations and broadening values for
the emission models were fitted. The temperatures of the collisional models,
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and the ionisation parameters, turbulent velocities and column densities of
the photoionised models were all fixed to their best fit 2012-13 values. This
gives a C-statistic of 1743, showing the emission is very similar between the
two time periods (see Fig. 6.8). The broadening values fitted to the 2004-07
stacked spectrum are consistent with those found using the 2012-13 stacked
spectrum (2004-07: 640±40 km s 1 and<130 km s 1; 2012-13: 690±50 km s 1
and <225 km s 1). This confirms what is reported in Sect. 6.3.1, where no
strong evidence is found for emission line changes between the two time periods
when using Gaussian models to fit the emission lines.
The same test was done with the 2012-13 stacked spectral model and
the third observation in that campaign (Jan 2013; not included in the 2012-13
stacked spectrum owing to the di↵erences in the intrinsic absorption compared
to the other observations.), with a continuum and absorption model fitted to
this observation, by the same method discussed in Sect 6.3.1. The emisssion
line model also fits reasonably well, with a C-statistic of 1461, confirming that
the emission lines remained constant even as the absorption of the continuum
changed.
6.4 Discussion
The work in this chapter models the narrow line emission from NGC 1365’s
nuclear region in a uniform and detailed way, using XMM-Newton RGS data
from 2004 to 2013. Firstly, using Gaussian models for the emission lines, the
results were compared to the only other study which published individual emis-
sion line parameters in this wavelength range. Then the 2012-13 spectrum was
fit with self-consistent, physical models, showing that a combination of both
collisionally produced and photoionised emission lines reproduces the spectra
well when the nitrogen abundance is increased by a factor of 4.5 relative to
solar. This physical model also reproduces the earlier 2004-07 spectra without
any temperature, ionisation parameter, turbulent velocity or column density
changes in the emitting gas.
Not included in this model is photoexcitation followed by radiative de-
cay, which Kinkhabwala et al. (2002) showed was important in enhancing
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higher order resonance lines in NGC 1068’s soft X-ray emission line spectrum.
Kinkhabwala et al. (2002) also showed that the importance of photoexcitation
decreases for higher ionic column densities, and at O VII radial column densi-
ties of 1019 cm 2 the spectrum imitates that of pure photoionisation followed
by recombination/radiative cascade. The Cloudy models used show an O
VII radial column density close to this 1019 cm 2 value, so any photoexcita-
tion contribution can be ignored without a↵ecting the results.
In this section the relative contributions of the collisional and photoionised
line emission and the enhanced 4.5 ⇥ solar abundance of nitrogen in the con-
text of NGC 1365 as seen at other wavelengths are discussed.
6.4.1 Starburst and AGN Relative Contributions
The expected X-ray emission from star formation can be measured directly
or estimated using measurements of infrared emission from the same region.
Wang et al. (2009) measure L0.3 10 keV luminosity as 1.87± 0.36⇥ 1040 erg s 1
from NGC 1365’s nuclear starburst. Using the total IR luminosity of NGC
1365’s nuclear core measured by Tabatabaei et al. (2013), and the star forma-
tion IR to X-ray relation for galaxies in the local Universe from Symeonidis
et al. (2014), gives a consistent result with this direct measurement from Chan-
dra. Collisional emission models at the temperatures considered here have very
little emission at energies above the RGS band, so the Chandra 0.3-10 keV lu-
minosity can be compared directly to the luminosity calculated from collisional
emission models fitted to RGS data.
For the starburst (collisionally excited) emission in the final 2012-13
model, an RGS 0.3-10 keV luminosity of 2.26+0.17 0.13 ⇥ 1040 erg s 1 is derived,
consistent with the Wang et al. (2009) measurement. For the 2004-07 data, a
0.3-10 keV luminosity of 2.45±0.11 ⇥1040 erg s 1 is calculated, consistent with
the Wang et al. (2009) measurement at the 2  level
In the RGS band analysed here (11-38 A˚), the photoionised emission con-
tributes 25-46% of the total narrow line emission, with collisional emission
contributing the rest. In addition, the collisional components contribute a
very small amount of emission to the continuum, which is not included in the
estimate above. In fact the photoionised emission is 5-15% of the total soft X-
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ray emission in this range. This estimate is consistent with that of Guainazzi
et al. (2009) ( 10%) with the possibility of a slightly higher contribution.
This is attributed to a slight di↵erence in analysis method; Guainazzi et al.
(2009) fix their collisional emission model first, and then estimate that the
photoionised emission contributes any ‘leftover’ line intensities, whereas in this
work the collisional emission phases are allowed to vary in both normalisation
and temperature whilst fitting photoionised phases (see Sect. 6.3.5).
6.4.2 Higher Nitrogen Abundances
As the work presented in this chapter finds a best fit spectral model with
4.5±0.5 times enhanced abundance of nitrogen in the nuclear area of NGC
1365, it is natural to ask why and where this might come from.
One possibility is that the enhanced strength of nitrogen lines may be
caused by the Bowen fluorescence mechanism, as described by Sako (2003),
rather than a higher nitrogen abundance. Sako (2003) shows that at high
optical depths, resonance line photons (e.g. O VIII Ly↵ doublet at 18.967
and 18.973 A˚) can be absorbed by other ions, exciting an electron to a higher
energy level, when the receiving transition has a very similar energy (e.g. N VII
Ly⇣ at 18.974 A˚). This electron then undergoes radiative cascade and therefore
releases photons associated with lower order transitions of the receiving ion.
The overall e↵ect of this is to reduce the apparent abundance of the initial
ion (in the example case, O VIII) and increase the apparent abundance of the
receiving ion (in the example case, N VII). While this mechanism can enhance
the strength of lower order N VII emission lines, it does not do the same for
N VI emission lines, which are enhanced in NGC 1365’s spectrum. Therefore
Bowen fluorescence is not a satisfactory explanation for the observations in
this case.
The alternative explanation for the observed enhanced nitrogen lines is
that they are caused by an over abundance of nitrogen in the source. If the
nitrogen abundance in NGC 1365’s nucleus is enhanced, then signatures of
this should be visible in data at other wavelengths too. As NGC 1365 is an
obscured AGN, the UV emission is too weak for the usual types of abundance
studies. However, using optical HST data, Schulz et al. (1999) modelled a
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photoionised region of optical narrow-line emission in NGC 1365 and found
evidence for a factor of three increase in nitrogen abundance. Their major
problem with this conclusion was that they thought the 2-10 keV luminosity
(L2 10 keV ) of the AGN was too low for the number of ionising photons needed
for their model, and considered the necessary absorption column of⇠1023 cm 2
to reconcile this to be too high. With the extended energy range and higher
resolution spectra available from both Chandra and XMM-Newton, it is now
clear that this level of absorption is not unusual for NGC 1365, avoiding this
problem with the Schulz et al. (1999) optical narrow-line emission model, and
therefore supporting the need for a higher than solar nitrogen abundance.
Most of the nitrogen in the ISM today is ejected during the AGB phase
of low and intermediate mass stars (1-8M ), with negligible oxygen enrich-
ment. During the red giant branch and asymptotic giant branch phases of
intermediate mass stars, dredge up episodes can occur. The outer convective
envelope reaches down to inner regions where nitrogen has been produced by
the CNO cycle. This, combined with ‘hot-bottom burning’, which converts
some or most of the carbon at the base of the convective zone to nitrogen,
enhances the surface abundance of nitrogen. The nitrogen is then ejected into
the ISM through winds driving mass loss from these stars. Unfortunately,
stellar yields of nitrogen are still reasonably uncertain, as they are sensitive to
convection models and estimates of dredge up e ciency (Pagel 2009).
For this mechanism to cause the observed higher nitrogen abundance, the
star formation history of NGC 1365 would have to greatly deviate from average
over a long period of time. Without any significantly unusual other features,
this seems to be an unlikely explanation, especially as the N/O ratio in outer
H II regions of this galaxy is measured to be consistent with solar (Bresolin
et al. 2005).
The other option for increasing the nitrogen abundance is a shorter
timescale, smaller scale e↵ect. The only nucleosynthetic environment in the
nucleus is the starburst region, so if the nitrogen enhancement is created in
the nucleus, then the starburst region may well be the cause. The presence of
Wolf-Rayet (WR) stars has been shown to correlate with a higher N/O abun-
6.4. Discussion 156
dance ratio by Brinchmann et al. (2008), using an SDSS sample with 570 WR
galaxies and more than 1000 WR galaxy candidates. WR stars are thought
to descend from O stars, after losing their outer envelope (Murdin 2001). WR
stars were detected by Phillips and Conti (1992) in spectra of a ‘hot spot’ near
the nucleus of NGC 1365, so this could be enhancing the nitrogen abundance
in the nuclear region.
6.4.3 Long Term Behaviour and Distance of Emitting Gas
Comparing the 2004-07 and 2012-13 spectra shows no evidence of variability
of the emission lines. Each individual emission line is consistent at a 3  uncer-
tainty level between the two epochs (Table 6.2). The individual starburst and
AGN emission components also have consistent overall luminosities (11-38 A˚)
between the two epochs. Therefore variability cannot be used to infer the size
of the emitting region or its distance from the ionising continuum.
An estimate of the location of the bulk of the photoionised gas can also
be calculated by using the line broadening of the photoionised phases. In
Sect. 6.3.5, an upper limit of < 225 km s 1 is found for the broadening of the
photoionised gas using the 2012-13 spectrum. The 2004-07 spectrum gives us
a consistent, and tighter, constraint of < 130 km s 1.
Assuming that any broadening is owing to bulk motion of the gas orbiting
the central source, a lower limit to the distance can be calculated. Using a
black hole mass of 2 ⇥ 106M  (Risaliti et al. 2009a), the upper limits on the
line widths imply that the emitting gas must be located further than 0.5 pc
from the central source.
This is consistent with the estimate by Guainazzi et al. (2009), using their
best-fit ionisation parameter, that the emitting gas is located   0.75 pc from
the central source. Our distance is inconsistent with Braito et al. (2014), who
conclude that emission line gas is located at ⇠ 1015 cm (3 ⇥ 10 4 pc) from
the central source, calculated from tentative variability of Mg XII emission
lines. In fact, if the model from the work in this chapter is extended down to
the Mg XII Ly-↵ line at 8.42 A˚, it shows that the collisional emission models
contribute most of the intensity of this line which then has to be produced
further out. The Braito et al. (2014) much closer distance estimate is also
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based on shorter term variability (within an observation) than investigated in
this work, and as discussed above, evidence of variability is not found over these
longer timescales. It is likely that the gas Braito et al. (2014) see dominating
is from closer to the central source as the BLR scale emission was uncovered
only during the period of exceptionally low obscuration. When the AGN is
obscured at these wavelengths, as is usually the case, only the more distant
contribution towards the emission is seen against the faint continuum, from
either the starburst or NLR scale gas which is measured here.
An upper limit to the size of the photoionised emission line region can be
obtained from its angular extent on the sky. From the RGS, which is a slitless
spectrograph, spatially extended emission causes broadening of the emission
lines, as discussed in Sect. 6.3.5. Using the 2004-07 constraint (<130 km s 1)
gives a photoionised gas extent of < 4.2”, and at the distance of NGC 1365
this converts to a physical projected distance of < 380 pc. This is consistent
with Chandra results from Nardini et al. (2015), who show that extracting
spectra from a circular aperture of 10” diameter centred on the nucleus in-
creases the proportion of photoionised emission and correspondingly reduces
the collisional emission contribution. In addition, Wang et al. (2009) fit the
starburst ring and surrounding di↵use emission with collisional emission mod-
els while photoionised emission is expected to be the dominant component in
the inner region around the nucleus, within a radius of 10”.
NGC 1365’s nucleus is more likely to be observed side on than face on
(using the unification scheme and NGC 1365’s classification range of Seyfert
1.5-2). Therefore the 380 pc can be assumed to represent the maximum extent
of two ionisation cones in opposite directions from the nucleus, and one half
of that can be deprojected to estimate the physical distance of the bulk of the
emitting gas from the central source. Using a range of viewing angles from 80o-
45o (if 0o represents looking face on), a range of upper limits for the distance
between the central source and the photoionised gas can be calculated as 190-
270 pc (see Figure 6.9). It would be reasonable to assume the true distance of
this gas is much lower than this upper limit.
This upper limit is entirely consistent with previous distance estimates for
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Fig. 6.9: Cartoon representing the deprojection of NGC 1365’s ionisation cones (shown
in purple). The viewing angle is shown as ↵, the observed extent of one ionisation cone is
shown as A, and the calculated distance of the ionisation cone is shown as B.
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the photoionised gas (discussed in Sect. 6.1.1).
6.5 Conclusion
The work reported in this chapter represents the most detailed spectral de-
scription of the emission lines from NGC 1365’s nucleus so far, and has been
enabled by the quantity of good quality data available in the XMM-Newton
archive.
The X-ray narrow emission line spectrum of NGC 1365 is well represented
by a combination of two collisionally ionised (kT of 220±10 and 570±15 eV)
and three photoionised (log ⇠ of 1.5±0.2, 2.5±0.2, 1.1±0.2) phases of emit-
ting gas, all with higher than solar nitrogen abundances. The collisionally
ionised gas is attributed to the starburst surrounding the nuclear region and
the photoionised gas to the Seyfert 2 nucleus in the centre.
This physical model is the best fit to the 2012-13 stacked spectrum, and
yet also fits well to the 2004-07 stacked spectrum, without changing any char-
acteristics of the emitting gas phases. The finding of 4.5±0.5 times solar
nitrogen abundance in the nuclear region of this system represents the second
time an over abundance of nitrogen has been suggested in this source (the first
being Schulz et al. 1999, from optical measurements).
This work also finds that the photoionised X-ray emitting gas is 0.5 
distance  270 pc from the ionising continuum of the central source.
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Chapter 7
Survey of O VII Forbidden Line
Velocities in AGN
“If everything seems under control, you’re not going fast enough”
Mario Andretti
7.1 Introduction
In the previous two chapters, two objects have been investigated in detail;
Chapter 5 looks at the traditionally unobscured galaxy NGC 5548, and Chap-
ter 6 at the more obscured (typically NH > 1.5 ⇥ 1023 cm 2) galaxy NGC
1365. Among the derived results are the outflow velocity values inferred from
the X-ray narrow emission lines. The O VII f line found in NGC 5548 has
a measured blueshifted velocity (-300±30 km s 1), while that in NGC 1365 is
found to be at rest (-30±70 km s 1). This fact generated the idea, explored in
this chapter, of testing whether there are any di↵erences in observed outflow
velocities of obscured and unobscured AGN, at the population level.
Extended ionisation cones of emission line gas photoionised by AGN have
been long observed at optical wavelengths, for example in NGC 5252 (Tad-
hunter and Tsvetanov 1989). Their existence has also been inferred by X-ray
studies, especially for nearby objects such as NGC 1068 (Kinkhabwala et al.
2002). The comparison between optical [O III] and X-ray O VII emission from
Seyfert 2 galaxies by Bianchi et al. (2006), using HST and Chandra, showed
that the regions emitting these two narrow emission lines are very well spa-
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tially correlated. This fits well within the general picture of a dusty gaseous
torus surrounding the AGN and determining whether we see the object as
obscured or unobscured, depending on the viewing angle. This same torus is
expected to restrict the gas seen by the central source, causing the biconical
shape of the photoionised emission line regions, in both optical and X-ray.
In the context of the AGN Unification Theory (see Chapter 1), the hy-
pothesis for the work in this chapter is that unobscured nuclei are more likely
to have ionisation cones facing towards us, as observers, and so we are more
likely to observe their emission line gas outflowing from the central source to-
wards us. Obscured nuclei are more likely to be oriented close to edge on and
to have their ionisation cones at high inclination with respect to our line of
sight, so we are more likely to see their emission line gas at rest, rather than
flowing towards or away from us in bulk. This may be tested by considering
the velocity of the emission line gas: on average the emission line gas associ-
ated with unobscured objects should have higher velocities towards us than
the emission line gas associated with obscured objects.
This hypothesis has been explored to some extent using optical narrow
emission line gas, with relative success, as well as comparing the line-of-sight
velocity of the emission line gas with the Eddington ratio.
Zhang et al. (2011) investigated connections between the velocity of [O
III]  5007 and other physical parameters of Type 1 objects. The authors
find a velocity distribution peaking at  47 km s 1 with a standard deviation
of 72 km s 1 and a weak positive correlation between [O III] velocity and
Eddington ratio of the objects in their sample. Bae and Woo (2014) looked
at the velocity of [O III]  5007 and H↵ in Type 2 objects, relative to stellar
absorption lines from their host galaxies, and found their velocity distribution
peaks at 0 km s 1 with a standard deviation of 36 km s 1. In their sample,
the [O III] velocity shift is correlated with Eddington ratio, implying that the
outflow velocity of the narrow emission lines is related to ongoing black hole
activity. By comparing their results to published work on Type 1 objects (e.g.
Zhang et al. 2011), the authors found that the outflow fraction (for a fixed
velocity o↵set, e.g. 50 km s 1) is higher in Type 1 objects than Type 2, and
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attribute that to projection e↵ects.
Boroson (2011) uses the [O III]  5007 emission line, along with Fe II
emission, to predict the orientation of a sample of quasars extracted from the
Sloan Digital Sky Survey. The author argues that Fe II emission comes from
inflowing gas located in the outer part of the BLR, and so has a higher inflow
velocity when the disk is seen edge on, and the [O III] emission comes from
polar outflows, and so has a higher outflow velocity when the disk is seen face
on. The orientation predicted from the optical emission lines was supported
by the (small numbers of) radio loud objects in the sample, as only those in
the group defined as viewed edge on through their optical emission lines had
visible double radio lobes.
Bian et al. (2005) look specifically at the blueshift of the [O III]  5007
emission line in Narrow Line Seyfert 1s and find that there is a strong cor-
relation between velocity shift and Eddington ratio for only the seven ‘blue
outliers’ in their sample (velocity shifts more than 250 km s 1 relative to the
H  emission). The majority of their sample shows a much weaker correlation
between the two parameters.
Boroson (2005) shows that in a sample of QSOs from the SDSS survey,
the [O III]  5007 emission line is blueshifted with respect to lower ionisation
optical emission lines for about half the objects, with the shifts being on
average 40 km s 1 and reaching > 400 km s 1. Again, the magnitude of the
blueshift was found to correlate with the Eddington ratio of the object.
Some samples of soft X-ray emission lines have also been studied. Kraemer
et al. (2011) looked at the O VII f emission line in their study of AGN narrow
line regions, although unfortunately only 15 of the sources in their sample had
X-ray data (out of 108). They find that the O VII f line is weaker in Seyfert 2s
than Seyfert 1s, attributing the di↵erence to absorption from dusty gas (NH
of several ⇥1021 cm 2) outside the NLR. This study does not look at velocities
of the emission lines. Guainazzi and Bianchi (2007) were the first to focus a
study on a sample of soft X-ray emission lines, in this case from XMM-Newton
RGS archive data for 69 obscured AGN. They call their sample CIELO-AGN,
and conclude that these emission lines are usually from photoionisation by
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the central AGN, using line strengths to suggest a soft X-ray criterion to
discriminate between AGN-photoionised sources and starburst galaxies. 23
of these objects have O VII f line detections, although the uncertainties on
measured line wavelengths are up to ±0.5 A˚, and so the velocities of these (or
any of the emission lines in the sample) are not investigated.
In this chapter, XMM-Newton RGS archive data are used for an ex-
ploratory test of the AGN Unification Theory by measuring velocities of the
O VII forbidden line, and therefore probing higher ionisation gas than optical
emission lines allow. This study focuses on the O VII forbidden line for two
main reasons; O VII f is the strongest emission line in many AGN soft X-ray
spectra and, as an optically thin forbidden line, the measured peak wavelength
is unlikely to be a↵ected by absorption intrinsic to the object (as for the O VII
resonance line of NGC 5548 in Chapter 5). The sample will not be uniform or
complete, but will give a preliminary assessment of the feasibility of the test
and of how X-ray emission lines can be used to probe AGN orientation.
7.2 Initial Sample
I started with the ROSAT Bright Source Catalog and selected all objects with
an AGN, Seyfert (of any type) or QSO classification in the ROSAT Cross-
correlation Catalog. From this I searched for any XMM-Newton observations
of those objects. The ROSAT Position Sensitive Proportional Counter (PSPC)
instrument, used to create the ROSAT Bright Source Catalog operated at 0.1-
2.4 keV. Hence this sample is likely to be incomplete in obscured AGN, as
their continuum emission is often almost entirely absorbed at these energies.
Therefore I also searched for all objects with LINER and Seyfert activity types
in the NASA/IPAC Extragalactic Database (NED), and added any XMM-
Newton observations of these to the sample, if not already included.
This inital sample consists of 1819 observations of 726 objects, and then
a maximum redshift of z < 0.65 was applied so that the O VII f emission line
rest wavelength (plus 1 A˚) for all objects is within the RGS wavelength range.
In addition, only observations with RGS data in the XMM-Newton archive
were used. Therefore, the sample to be analysed has 1500 observations of 599
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Fig. 7.1: Two observations of NGC 4051 and fits to the O VII f line (the strongest emission
line in both observations). See text for details.
objects; 266 of these objects have multiple observations and 333 have been
observed only once by XMM-Newton.
The XMM-Newton SAS pipeline products (PPS products) were down-
loaded from the XMM-Newton archive for each observation. All archive
XMM-Newton observations were re-reduced in Dec 2012 for the 3XMM-DR4
serendipitous survey catalogue (Rosen et al. 2015), so the sample data have
all been reduced using SAS version 12 or later.
For each observation, I used rgscombine (SAS) to combine the RGS1 and
RGS2 first order spectra together. The second order spectra do not cover the
band of interest, because they end at 17 A˚. For each of the 266 objects with
multiple observations I also created a stacked first order spectrum (again using
rgscombine) of RGS1 and RGS2 combined from all individual observations of
that object.
I combined all observations of each object, regardless of any spectral shape
changes, as I am only analysing a small region of each spectrum (2.5 A˚) and
fitting only a local continuum (see Sect. 7.3). Therefore a change in spectral
slope or flux level of the continuum is not expected to a↵ect the results. Long
exposure times have been shown to be important for soft X-ray emission line
detections in AGN. For example, Reeves et al. (2016b) revealed the first ev-
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idence of emission lines in the stacked RGS spectrum of Ark 120 (> 400 ks),
which had not been seen in previous individual observations of 100 ks or less.
The only measurement I am using is the wavelength shift (if any) of the
O VII emission line. Therefore by stacking the observations I am assuming
that this shift is not changing. The O VII f emission line is thought to orig-
inate from the reprocessing of the nuclear radiation in the ionisation cones.
There has been evidence of X-ray narrow emission lines varying in intensity
over timescales of years (Detmers et al. 2009), but not of any changes in line
wavelengths over these timescales. Even if the velocity of the O VII f line did
change over the period covered by RGS spectra, I would then be measuring an
average of the total velocity, and so it could still be considered representative
of that object’s properties for this exploratory study. As a test case, I used
two observations of NGC 4051 with di↵erent continuum levels to check this
(Obs IDs: 0606321601 and 0606322101). The measured wavelengths of the O
VII f line in both observations are consistent within 1  uncertainties (see Fig.
7.1).
For each object, the redshift, Galactic column density and classification
were collected. Where possible 21 cm derived redshifts were used, and other-
wise optically derived values, collected from NED. The chosen classifications
are the standardised activity types given by NED, and from Simbad if no NED
activity types were available. The 21 cm derived redshifts trace the neutral
hydrogen in the galaxy and therefore give a more accurate standard of rest
for the host galaxy than emission lines from ionised gas which could poten-
tially be outflowing. Galactic column density values are from the LAB map,
as described by Kalberla et al. (2005).
The spectral analysis and modelling for this work was done with spex
(v.3.01.00).
7.3 Data Analysis
Each of the 599 objects (266 stacked spectra and 333 individual observations)
in the sample was analysed using an automated fitting procedure, in the rest
frame of each galaxy. This fitting procedure used Cash-statistics to assess the
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best-fit parameters, as  2 is not appropriate when there are low numbers of
counts per bin (see Chapter 4).
Only the data covering 2.5 A˚ around the O VII triplet were used because
this is the only region of interest. Around the O VII triplet wavelength range
there could potentially also be emission from a nitrogen radiative recombina-
tion continuum feature (RRC) just longwards of the O VII f line, or warm
absorber narrow absorption lines (e.g. from O VI). The presence of these
features will not be accounted for in this fitting procedure, and will reduce
the overall fit quality for some objects (see the fits for NGC 1068 and NGC
3516 in Appendix A as examples). Neither of these features a↵ects the peak
wavelength measurement of the O VII f line, and this was checked after analy-
sis by comparing to literature values derived using more detailed models (e.g.
Kinkhabwala et al. 2002; Mehdipour et al. 2010).
A local continuum was fitted to the region of interest first (rest wavelength
range: 20.6-23.1 A˚). For each spectrum the continuum is represented by a
power law model, absorbed by the local Galactic column density along that
line of sight. The normalisation and spectral index of this power law model
were left free in the fit. Three Gaussian models representing the O VII triplet,
also absorbed by the local Galactic column density, were then fitted to the
data together with this continuum. The wavelengths were initially fixed to the
values corresponding to the redshift of the galaxy, and the normalisations were
fitted. Then the wavelengths were fitted, with a ±15000 km s 1 restriction,
to ensure any ‘detected’ lines remain within the 2.5 A˚ wavelength range used
in each spectrum. Each line velocity was fitted independently of the others
in the triplet so that any potential absorption from the resonance line does
not alter the measured velocity of the forbidden line. The intrinsic widths of
the Gaussian models were fixed to zero throughout, to ensure that the lines
remained narrow during the automated fitting procedure.
Fitting a continuum estimate first allows the continuum level to be correct
for those objects with no (or very weak) emission lines, before the Gaussian
models are included. If this step is skipped, in some cases SPEX can remain
in a local C-stat minimum with no continuum and very strong Gaussian lines,
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which is clearly incorrect. For objects with very strong emission lines (e.g.
NGC 1068) the initial fit to the continuum is too high, but this reduces to the
correct level once the Gaussian models are included.
An O VII forbidden line was considered to be ‘detected’ if its presence
improved the  Cash-statistic by > 9, corresponding to a 3  detection for one
parameter of interest (the line normalisation).
After analysis of the 266 objects with a stacked spectrum and the 333
objects with individual observations, 104 objects have 3  detections of the O
VII f emission line. In cases where only one line of the triplet is detected, it is
assumed to be the O VII forbidden line. Six ‘detections’ which have emission
line velocities consistent with the edge of the allowed parameter range were
removed, because any uncertainties calculated for them have been artificially
restricted and are therefore incorrect. Nine further ‘detections’ were removed
after checking each of the spectra visually for spurious detections.
There are now 89 detections, 66 from stacked spectra and 23 from indi-
vidual observations. These are presented in Appendix A.
For NGC 5548, NGC 1365, NGC 1068 and NGC 3516 the O VII f line
velocities from this analysis were compared with values from more detailed
modelling (from Chapter 5 and Chapter 6, and Kinkhabwala et al. 2002;
Mehdipour et al. 2010, respectively). All measurements were consistent within
2  uncertainties, showing that applying this analysis technique to the sample
is justified.
As in previous optical studies, I plan to compare the wavelength shift
(velocity) of the O VII narrow emission lines with the Eddington ratios of the
source. For this I need bolometric and Eddington luminosities for the objects.
74 of the 89 objects for which there is a O VII f line detection, have 2XMM
catalogue names (Watson et al. 2009), which I found using the NED database.
The 3XMM catalogue is more recent, but the assigned 2XMM names are more
consistently associated with objects throughout NED. To convert the 2XMM
catalogue 2-12 keV fluxes into 2-10 keV luminosities, intrinsic absorption must
be taken into account. Through a literature search I found intrinsic absorption
column densities for 58 of the objects with 2XMM names.
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I then converted the observed 2-12 keV fluxes to intrinsic 2-10 keV lu-
minosities for these 58 objects taking into account their intrinsic column
densities, following the process explained by Mingo et al. (2016), but using
SPEX instead of XSPEC and HI Galactic column densities from the LAB
map (Kalberla et al. 2005). As in Mingo et al. (2016), uncertainties for these
luminosities were calculated by using the highest and lowest intrinsic column
densities and flux values as this allows the intrinsic column density uncertain-
ties to be taken into account, rather than simply propagating only the flux
uncertainties through the calculations.
The 2-10 keV luminosity L(2 10 keV ) can then be converted into an estimate
of the bolometric luminosity Lbol using the relation from Marconi et al. (2004):
log[Lbol/L(2 10 keV )] = 1.54 + 0.24L+ 0.012L2   0.0015L3 (7.1)
where L = logLbol 12 and both Lbol and L(2 10 keV ) are in units of L . Ideally
a bolometric luminosity value should take into account the real emission over
the whole electromagnetic spectrum, rather than using a template (as this
conversion does). Using this simpler estimate allows us to calculate bolometric
luminosity values for the majority of the sample objects in the same way.
55 of the 58 objects with calculated Lbol values also have black hole masses
in the literature. For these, I calculated the Eddington luminosity LE (Ed-
dington 1925) using the formulation shown in Rybicki and Lightman (1979):
LE =
4⇡GcmH
 T
M = 1.25⇥ 1038( M
M 
)erg s 1 (7.2)
where G = the Gravitational constant, c = the speed of light, mH = the mass
of an hydrogen atom and  T = the Thompson scattering cross section
For the 55 objects where both the Eddington and bolometric luminosities
are estimated, I also calculated the Eddington ratio (LbolLE ).
The 2-10 keV and bolometric luminosities, black hole masses, Eddington
luminosities and ratios are all included in Appendix B.
7.3.1 Kolmogorov-Smirnov Test
As the sample under consideration is split into di↵erent AGN types, I need
a method to determine if the distribution of the interesting variable (outflow
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velocity of X-ray narrow emission line gas) in each part of the sample is from
the same or a di↵erent parent distribution as other parts of the sample. As
the parent distribution is not known, a distribution-free (nonparametric) test
is required.
One such test is the Kolmogorov-Smirnov (K-S) two sample test; the
following formulation is from Bohm and Zech (2010) and the Python.scipy.stats
K-S two sample test function. This uses the cumulative distribution function
of each sample (F (x)) and calculates the greatest vertical distance between
the two (D). The test statistic calculated is:
D = max|F (x1)  F (x2)| (7.3)
The expected distribution of D is then scaled by the sample size, to take
into account that there is more information in samples of larger sizes. As
discussed in Bohm and Zech (2010), for sample sizes larger than 20 this can
be approximated by:
D? = D(
p
N + 0.12 + 0.11/
p
N) (7.4)
where N =
q
n1n2
n1+n2
, and n1 and n2 are the two sample sizes respectively.
Fig. 7.2 shows the function which converts D? into a probability that the
two samples would be at least this di↵erent if drawn from the same parent
distribution.
The K-S test is sensitive to the location, scale and shape of the underlying
distributions, but its main weakness is that it is not very sensitive to di↵erences
in the tails of the distributions. This particular weakness is not a problem when
addressing the question set out in this chapter, as the main di↵erence between
the distributions is expected to be the locations of their peaks.
7.4 Results and Discussion
I first compared the sample with detected O VII f lines (89 objects) with the
initial sample of 599 objects (see Fig. 7.3). From a basic interpretation of the
Unification theory, the Seyfert 2 emission line detection rate would be expected
to be higher than the Seyfert 1 detection rate, as the soft X-ray continuum for
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Fig. 7.2: Probability as a function of the Kolmogorov-Smirnov test statistic D?. From
Bohm and Zech (2010)
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Fig. 7.3: Number of objects in initial sample (total: 599) and number of objects with line
detections (total: 89), shown as classified in NED
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Fig. 7.4: Histograms showing the distribution of (RGS1 and RGS2 combined) exposure
times for observations of Seyfert 1s (purple) and Seyfert 2s (orange). Left top: For the
full sample, 137 Seyfert 1s. Left bottom: For the full sample, 130 Seyfert 2s. Right top:
For those objects with 3  emission line detections, 17 Seyfert 1s. Right bottom: For those
objects with 3  emission line detections, 11 Seyfert 2s.
Seyfert 2 objects is lower, and therefore the narrow emission lines should be
easier to detect.
In this analysis, the detection rates for objects classed as Seyfert 1 and
Seyfert 2 are 13% (17/136) and 9% (11/130) respectively, which is not what
would be expected. Given that this sample is not uniformly selected it has a
wide range of exposure times, which have been chosen for various reasons. Fig.
7.4 shows that very few Seyfert 2s have been observed for exposure times longer
than 100 ks compared to Seyfert 1s, in both the full sample and those with line
detections. Therefore this sample cannot be used to draw conclusions on the
relative detection rates between objects because the exposure time coverage is
not uniform.
The necessity of long observations for emission line detections means that
the sample I am using is likely to be missing emission line detections for those
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objects which have only been observed briefly by XMM-Newton. Given that
XMM-Newton observations of AGN are performed for a variety of scientific
reasons, for the remainder of this work I assume that this does not lead to a
bias in velocities of the detected emission lines.
Fig. 7.3 shows the variety of classifications provided in NED. This wide
range of names and types has been collected from the literature over many
years, and is not uniformly organised or checked. Therefore there are di↵er-
ences in classification between NED and the current understanding of partic-
ular objects, especially for those classifications not commonly used. In order
to test the main hypothesis of this work, I split the sample into two broad
classifications of ‘Type 1’ and ‘Type 2’, with the ‘Type 1’ objects more likely
to be at face on inclination, and the ‘Type 2’ objects more likely to be at edge
on inclination. The Seyfert 1, 1.2, 1.5 and Narrow Line Seyfert 1 objects were
placed in the ‘Type 1’ group, and the Seyfert 2, 1.9, 1.8 and Seyfert 1 h (Seyfert
2 objects with broad lines detected in polarised light) objects were placed in
the ‘Type 2’ group. The unobscured Seyfert 2 objects were included in the
‘Type 1’ group, as their classification is for objects thought to be seen face on,
but with no broad line emission (see Nicastro 2000; Laor 2003; Elitzur and Ho
2009). This was confirmed for the three objects with this classification (NGC
2992, NGC 6251 and NGC 7590) by Trippe et al. (2008), Bassani et al. (1999)
and Evans et al. (2005) respectively.
This left 13 objects with NED classifications of LINER, Seyfert, Flat-
Spectrum Radio Source, H II, H-↵ Emission Line Galaxy/Seyfert 1 or Inter-
acting, which I looked at individually in more detail. Based on the literature,
I classified 10 of these into the ‘Type 1’ and ‘Type 2’ groups, and determined
that three of them were too uncertain to use. The details and references for
these objects are included in Appendix C. The ‘Type 1’ and ‘Type 2’ groups
contain 53 and 33 objects respectively.
The measured wavelength shifts of the O VII f lines have been converted
into velocities (km s 1) and will be used in this form from this point onwards
in this chapter. Negative velocities represent movement towards us relative to
the host galaxy, and positive velocities imply movement away from us relative
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Fig. 7.5: 2-10 keV luminosity vs redshift for the objects with absorption corrected lumi-
nosities, when classified into ‘Type 1’ and ‘Type 2’. For details of those classifications, see
text.
Fig. 7.6: O VII forbidden line velocity (in km s 1) vs redshift for the objects when classified
into ‘Type 1’ and ‘Type 2’. For details of those classifications, see text.
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to the host galaxy.
As this sample is not selected to be unbiased in redshift or intrinsic lumi-
nosity (see Fig. 7.5), I compared those parameters between the groups with
the K-S test. The K-S test cannot reject the null hypothesis that the 2-10 keV
luminosity distributions (corrected for intrinsic absorption) are drawn from
the same parent distribution (with a probability of 13%), but does reject the
hypothesis at a significant level (with a probability of 0.6%) that the redshift
distributions of the two groups come from the same parent distribution. Fig.
7.6 suggests that there is no dependence of O VII f velocity on redshift, there-
fore the di↵erent redshift distributions of the groups should not be a problem
for the results of this study.
Fig. 7.7 compares histograms of the O VII velocity shifts for the ‘Type
1’ and ‘Type 2’ objects. It appears that the ‘Type 1’ objects have O VII
f velocity shifts distributed over a larger range and displaced towards the
blueshift direction, but this does not take into account the varying uncertanties
on each measurement. For example, the ‘Type 1’ measurement that falls in
the  3500 to  3000 km s 1 bin actually has a 1  uncertainty of +1100 km s 1
and  700 km s 1, while one of the measurements that falls in the  1500 to
 1000 km s 1 bin has a much smaller 1  uncertainty of +300 km s 1 and
 400 km s 1. In the histogram uncertainties are not displayed, and therefore
all measurements are treated as exact.
To avoid this problem, I created probability density functions for the
distribution of measurements for each group using Kernel Density Estimation
(KDE)1 (Scott 2015). Each measurement is now represented by a Gaussian
with the width determined by the uncertainty of that particular measurement.
The probability density function for each group is made by summing these
Gaussian kernels together, and the results are shown in Fig. 7.8. This method
assumes that the 1  uncertainties are symmetrical, which is not quite the case,
although symmetry in the uncertainties is a reasonable assumption to make
given that taking the uncertainties into account this way is more representative
than not doing so at all.
1http://scikit-learn.org/stable/modules/density.html
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Fig. 7.7: Histograms (with bin widths of 500 km s 1) showing the distribution of O VII
f line wavelength shifts as velocities for the ‘Type 1’ group (top) and the ‘Type 2’ group
(bottom)
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Fig. 7.8: Probability Density Function of the distribution of O VII f line wavelength shifts
plotted as velocities for the ‘Type 1’ group (top) and the ‘Type 2’ group (bottom), taking
into account the di↵erent uncertainties on the measurements.
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The ‘Type 1’ distribution peaks at  40 ± 60 km s 1 with 68% of the
distribution between  500 km s 1 and 330 km s 1, while the ‘Type 2’ distri-
bution also peaks at  40 ± 70 km s 1 with 68% of this distribution between
 550 km s 1 and 250 km s 1.
Both distributions also appear to prefer the blueshifted (negative) velocity
values, with 56% and 62% of the distributions at velocities less than 0 km s 1,
for ‘Type 1’ and ‘Type 2’ respectively.
A K-S test has been used to compare the two distributions, using the
original samples. The null hypothesis that the two samples were drawn from
the same parent distribution cannot be rejected, with a probability of 81%.
Clearly this does not support the hypothesis that the O VII f line velocity
distributions are di↵erent between ‘Type 1’ and ‘Type 2’ objects.
One complication with the K-S test is that the conversion of distance
metric between cumulative distribution functions (D) to probability is depen-
dent on sample size (n1 and n2; see Sect. 7.3.1). Therefore the same D can
be considered non-significant with small samples, and significant with large
samples.
In this case, if I make the simplifying assumption that the D value would
remain the same, sample sizes of 190 objects in each group would be su cient
for the K-S test to establish that samples drawn from the same parent popu-
lation would only di↵er this much < 5% of the time. A total number of 380
objects is more than four times greater than the number of objects with line
detections in this work, and more than half the number of the initial sample
of objects (599) analysed in this work.
The total uncertainties on the velocity measurements in this sample are
very varied, ranging from 130 km s 1 to 4000 km s 1. To understand the ef-
fect the large uncertainties have on these results I repeated the above analysis
with a sub-sample where the O VII f detections have total uncertainties of
 500 km s 1, giving 35 objects in the ‘Type 1’ group and 21 objects in the
‘Type 2’ group. The results are essentially unchanged; the distribution peaks
remain the same and both distributions still prefer blueshifted (negative) ve-
locities, with the same percentages of the distributions at velocities less than
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0 km s 1. There are two minor di↵erences, the first being that using more cer-
tain measurements (those with smaller uncertainties) gives a narrower distri-
bution for both groups, indicating that the widths of the original distributions
are artificially broadened by the uncertainties compared to the underlying
physical distribution. The second di↵erence is in the K-S test results; using
more certain measurements reduces the probability that the two samples were
drawn from the same parent population (from 81% to 30%), although the null
hypothesis still cannot be rejected. If all uncertainties in the velocity mea-
surements were  500 km s 1 and the D value would remain the same, then
a sample size of 55 objects in each group would be su cient for the K-S test
to establish that samples drawn from the same parent population would only
di↵er this much < 5% of the time.
The host galaxy redshifts in this sample have been collected using a variety
of methods, including using optical emission lines, and optical line studies
have shown that the [O III]  5007 line is regularly blueshifted with respect to
lower ionisation optical lines and to stellar absorption lines of the host galaxy.
If the optical line derived redshifts are biased towards blueshifts relative to
the host galaxy, then the O VII f line wavelength shifts measured in this
work may be artificially altered. To quantify whether optical line derived
redshifts in this sample are biasing the results, a sub sample of 39 objects
with 21cm derived redshifts was used. A probability density function was
calculated of the measured O VII f line velocities relative to the 21cm derived
host galaxy redshifts. This was compared to the same plot (of the same 36
objects) using O VII f line velocities relative to optical emission line derived
redshifts (see Fig. 7.9). While for individual objects the di↵erently derived
redshifts can be up to  z = 0.0015 di↵erent from each other (see Fig. 7.10;
corresponding to a di↵erence of  v = 450 km s 1 in the O VII f line velocity),
there is no major systematic shift between the Probability Density Functions
(see Fig. 7.9). Therefore the two sample distributions are indistinguishable
from each other, with both peaks at  60 ± 50 km s 1 and 68% of the 21cm
and optically derived redshift distributions in the range  420-240 km s 1 and
 400-240 km s 1 respectively.
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Fig. 7.9: Probability Density Function of the distribution of O VII f line wavelength shifts
plotted as velocities for all objects with a 21cm derived host galaxy redshift, using the 21cm
derived redshift as the reference (top) and using an optical emission line derived host galaxy
redshift as reference (bottom).
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Fig. 7.10: Histogram showing the di↵erences between 21cm and optically derived redshift
values.
In the X-ray literature AGN are often classified by their level of intrinsic
absorption, instead of the strength of their optical broad emission lines, and
the relationship between these classifications systems is not simple (see e.g.
Gonzalez-Martin et al. 2014). To investigate whether using the classification
based on obscuration would alter the results, Fig. 7.11 shows the intrinsic ab-
sorption column density of the sources in the sample against their O VII f line
velocity. There is no correlation between the two variables within this sam-
ple, and therefore using a classification system based on the level of intrinsic
absorption would be unlikely to change the conclusions of this study.
Previous studies measuring optical emission line (O [III]) velocities have
found that the blueshift of O [III] can be related to the Eddington ratio of
the source (see Sect. 7.1) To explore whether similar behaviour occurs in this
sample, Fig. 7.12 compares O VII f emission line velocity to Eddington ratio.
This is done for all objects in the sample with a O VII f line detection, a
luminosity (converted to a bolometric luminosity estimate, see Sect. 7.3) and
a black hole mass (used to calculate the Eddington luminosity, see Sect. 7.3).
This comparison does not show any correlation, but for both Fig. 7.11 and 7.12
the uncertainties on the O VII f velocities are too large to draw statistically
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Fig. 7.11: Comparing intrinsic absorption column density to O VII f line wavelength shift
(in velocity). The bottom plot is the same as the top one, but looks more closely at the
 1000 km s 1 to 1000 km s 1 range.
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Fig. 7.12: Comparing Eddington ratio to O VII f line wavelength shift (in velocity). The
bottom plot is the same as the top one, but looks more closely at the  1000 km s 1 to
1000 km s 1 range.
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significant conclusions that no correlation exists.
7.4.1 Comparison to the CIELO-AGN Sample
The CIELO-AGN sample by Guainazzi and Bianchi (2007) is the only system-
atic study of AGN soft X-ray emission lines found in the literature. CIELO-
AGN only includes obscured Seyferts, with a classification of type  1.5 in
NED, and XMM-Newton-RGS public data as of Sept 2006. Of the 69 ob-
jects in CIELO-AGN, the sample here includes 59. The 10 objects in the
CIELO-AGN sample which are not in this work have not been included for
the following reasons:
• Di↵erences in current NED classification (eight objects)
• Redshift above applied z< 0.65 cut (IRAS F10214+4724)
• Problem with XMM-Newton pipeline extraction of RGS1 spectra (NGC
7674); Guainazzi and Bianchi (2007) used the Observation Data Files
(ODFs), not the Processing Pipeline Subsystem (PPS) products
The sample for this work includes O VII f line detections in 31/201 ob-
jects which now fulfil the CIELO-AGN criteria (NED classification and public
XMM-Newton data). Within this work there are 16 objects which are not in
the CIELO-AGN sample even though their XMM-Newton data were public at
the time of that study. These objects were not classified as Seyferts of type
 1.5 until late 2006 when ‘A catalogue of quasars and active nuclei: 12th
edition’ was published by Ve´ron-Cetty and Ve´ron (2006), therefore these clas-
sifications were likely not to be present in NED at the time Guainazzi and
Bianchi (2007) collected their CIELO-AGN sample.
The CIELO-AGN sample finds O VII f line detections in 23/69 objects,
a significantly higher detection rate than in this work. One major di↵erence
between the two studies is the criterion for when an emission line is counted
as ‘detected’; Guainazzi and Bianchi (2007) considered a line detected if the
flux is inconsistent with zero at the 1  level, whereas this work has been more
conservative and uses a 3  restriction for this analysis. This explains why the
O VII f detection rate is reduced for this work compared to Guainazzi and
Bianchi (2007).
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Fig. 7.13: From Bian et al. (2005). The distribution of the [O III] blueshift relative to H 
( V ) in units of km s 1
7.4.2 Comparison to Optical Emission Line Studies
The histogram of O VII f velocites found in ‘Type 1’ objects (Fig. 7.7) bears
resemblance to the equivalent plot using [O III]  5007 velocities of NL Seyfert
1s by Bian et al. (2005), shown in Fig. 7.13, and to a lesser extent to that
from SDSS QSOs by Boroson (2005), shown in Fig. 7.14. The two optical line
velocity histograms show an excess of negative velocities and a tail extending
three times further in that direction, which are also seen in Fig. 7.7. Zhang
et al. (2011) studied [O III] velocities of only Type 1 objects and found that the
distribution peaks at  47 km s 1 with a standard deviation of 72 km s 1, while
Bae and Woo (2014) looked at only Type 2 objects and found their distribution
peaks at 0 km s 1 with a standard deviation of 36 km s 1. The ‘Type 1’ and
‘Type 2’ O VII f line velocity distributions in this work are both consistent
with those [O III] values, as they peak at  40±60 km s 1 and  40±70 km s 1
respectively. The uncertainties on the O VII f line velocities measured here
are too large to identify a velocity di↵erence of the order (50 km s 1) measured
using [O III]  5007.
The velocity di↵erence of 50 km s 1 between Type 1 and Type 2 objects
found using [O III] is a reasonable estimate for that expected from the O VII
f velocity distributions because Bianchi et al. (2006) show that [O III] and O
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Fig. 7.14: From Boroson (2005). Relative redshift distributions for all measurements of
low-ionisation lines (bottom) and for the [O III]  5007 line (top). The dotted line in the top
panel shows the objects for which two or more low-ionization species are used to calculate
the systemic velocity.
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VII line emitting gas are co-spatial in Seyfert 2 galaxies.
Bae and Woo (2014) also found that a lower percentage of Seyfert 2s
(25-40%) had [O III] line velocities more blueshifted than  50 km s 1 com-
pared to literature results of Seyfert 1s (50%). That pattern is not followed
within this work which shows a slightly higher proportion of velocities more
blueshifted than  50 km s 1 in the ‘Type 2’ distribution (51% and 57% for
‘Type 1’ and ‘Type 2’ respectively). The ‘Type 2’ distribution (Fig. 7.8)
shows a higher proportion of velocities more blueshifted than x km s 1 than
the ‘Type 1’ distribution, until x becomes  700 km s 1, from which point the
two distributions have comparable proportions.
7.5 Conclusion
Velocities of the O VII forbidden X-ray narrow emission line have been used to
address the hypothesis that on average the emission-line gas associated with
face on AGN should show wavelength blueshifts, i.e. velocity towards us, un-
like the emission-line gas associated with edge on AGN. The work described in
this chapter is the first to investigate O VII f emission line velocity di↵erences
across AGN types, and in the process has substantially increased the number
of O VII forbidden line detections from a uniform analysis across di↵erent
types of AGN.
No di↵erence has been found between the two broadly classified AGN
types, as the distributions of velocities for each type peak at  40± 60 km s 1
and  40 ± 70 km s 1 for the ‘Type 1’ and ‘Type 2’ groups respectively. If
there is a velocity di↵erence comparable to that of [O III]  5007, previously
measured to be around 50 km s 1, the uncertainties in this sample are too
large for that di↵erence to be detectable.
If designing an ideal sample to test this particular hypothesis again, one
important step forward would be the use of a much larger sample size, of at
least 200 objects with O VII forbidden line detections, and velocity measure-
ments with total uncertainties of  500 km s 1, in each of the broad ‘Type 1’
and ‘Type 2’ groups. Much longer exposure times will be needed to achieve
this, especially of ‘Type 2’ objects. More certain classifications would also
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be beneficial, ideally derived the same way for all the sample objects. While
21cm derived host galaxy redshifts are expected to be more accurate relative
to optical line derived redshifts, using one or the other does not appear to alter
the results with this sample, because the di↵erences are not systematically in
one direction. This could be tested again once the SKA1 (first light: 2020)
galaxy survey has been undertaken, as it is predicted to result in 21cm derived
redshifts for 5⇥ 106 galaxies up to z ⇠ 0.8 (Santos et al. 2015).
The second important aspect to really investigate these potential veloc-
ity di↵erences is a representative sample across both ‘Type 1’ and ‘Type 2’
groups. The confidence in any result would be greatly improved by systemat-
ically observing a selection of AGN in both groups rather than using existing
observations with detectable O VII forbidden lines, as has been done here.
If, as is assumed, the line-emitting gas is outflowing from the central
source within an ionisation cone, then any measured velocities will be an
average of the line of sight velocity components over the whole volume of
that gas. When looking directly face on to the ionisation cone, the largest line
of sight velocities would be from the centre of the cone, where the full outflow
velocity is in the line of sight. The gas towards the edges of the ionisation cone
would have smaller line of sight velocities because some part of their velocity
is perpendicular to the line of sight. If the gas outflow is radial and originates
at the location of the background X-ray source, then for absorption features,
when only gas in the line of sight can be seen, the measured velocity would
always be the full velocity. For emission features, when gas outside the line of
sight also contributes to the total emission, the velocity measured would be
averaged over the line of sight velocities from all parts of the cone, reducing
the total measured velocity of the gas.
Therefore the outflow velocities measured from both [O III] and O VII
emission can be thought of as lower limits to the direct outflow velocity in
each system, even for face on (‘Type 1’) objects. In this case, the average
velocity in ‘Type 1’ objects is lower than the total outflow velocity, making
any potential di↵erence between ‘Type 1’ and ‘Type 2’ objects harder to detect.
If there really is no di↵erence between the line-of-sight velocities of X-ray
7.5. Conclusion 189
emission line gas in each group, this would indicate that the simple orientation
dependent AGN unified schemes are not representative of AGN throughout
the nearby Universe. One solution could be to add further di↵erences between
the two main AGN types, for example the existence of di↵erent quantities of
obscuring gas at varying distances complicates the simplest unification sce-
narios. The structure of any central torus is an additional factor which may
a↵ect line-of-sight velocity tests such as this. A clumpy torus, which allows
radiation to escape to some extent in all directions (not just into ionisation
cones) could cause outflows to exist at many varying locations around the cen-
tral source. This would dilute any potential line-of-sight velocity di↵erences
from orientation angles.
Instead of altering orientation dependent unification schemes, it is possible
that as the field develops further, these unification schemes will end up being
left behind and alternative theories will be developed instead. Tests along the
same lines as the one done in this chapter will have an important role to play
in continually challenging and testing unification theories.
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Chapter 8
Conclusions and Implications
“If we all did the things we are really capable of doing,
we would literally astound ourselves”
Thomas A. Edison
X-ray narrow emission lines can give insights into ionisation states, distances,
velocities and abundances of gas intrinsic to AGN. Through the work in this
thesis I have investigated these topics in both (normally) unobscured and
obscured AGN.
I first investigated one object of each classification type in detail, NGC
5548 and NGC 1365. A sequence of observations of the usually unobscured
AGN NGC 5548 showed an unexpectedly high level of intrinsic absorption,
allowing a clear view of the X-ray narrow emission lines in this object for the
first time. Through detailed analysis of the O VII He-like triplet (Chapter 5),
I found evidence that these narrow emission lines are absorbed by at least one
of the warm absorber phases known to be intrinsic to the object. Through
modelling, I also provide an ionisation state and distance estimate for the emit-
ting gas of log ⇠ = 1.45 ± 0.05 and 13.9 ± 0.6 pc respectively. This distance
is consistent with those of the intrinsic WAs components, which have upper
limits to their distances from < 2.2 pc to < 50 pc (Ebrero et al. 2016). Ionised
absorption of AGN narrow emission lines has been discussed previously in the
UV, when Kriss et al. (2003) found that the best fit to their Far Ultraviolet
Spectroscopic Explorer (FUSE) data of NGC 7469 included absorption of the
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narrow emission line components by the UV warm absorbers. Neutral absorp-
tion has also been invoked by Kraemer et al. (2011) to explain weaker O VII
forbidden lines in Seyfert 2 galaxies compared to Seyfert 1s, although from
examination of a small sample of objects.
Previous studies (e.g. Krolik and Kriss 1995; George et al. 1998; Sako
et al. 2000; Blustin et al. 2003; Armentrout et al. 2007) have compared X-
ray warm absorber parameters such as ionisation level, distance and column
density, with those of the ionised X-ray narrow line-emitting gas in the same
objects, and found potential connections between them, without conclusively
proving that the emission and absorption come from the same gas. The work in
Chapter 5 of this thesis adds more evidence to the concept that these emission
and absorption phases should not be thought of and modelled separately. The
two processes are occuring at very similar (potentially the same) distances
from the central source and are being ionised by the same source, therefore a
realistic physical model should consistently account for both.
Chapter 6 focuses on X-ray narrow emission lines from an obscured AGN,
NGC 1365. Using data available from the XMM-Newton archive, I consis-
tently modelled the 2004-2013 X-ray narrow emission lines from both the
AGN and surrounding starburst region, with a combination of two collision-
ally ionised (kT = 220±10 and 570±15 eV) and three photoionised (log ⇠ of
1.5±0.2, 2.5±0.2, 1.1±0.2) phases of emitting gas. A higher (4.5±0.5⇥) abun-
dance of nitrogen is needed to fit the line ratios correctly, relative to other
metals in the spectrum (e.g. oxygen, carbon and iron). An increased nitrogen
abundance has been suggested previously for this AGN, using optical emission
line ratios, supporting this interpretation of the X-ray spectrum. I tentatively
suggest that this increase of nitrogen may originate from the Wolf-Rayet stars
observed in the nuclear region (Phillips and Conti 1992).
Usual methods of determining metal abundances in AGN rely on UV
broad emission lines in the rest frame of the galaxy, or narrow absorption lines
in either the UV or X-ray. For obscured AGN, these methods are not applicable
because the broad lines are not visible and the absorbed continuum is too low
to show narrow absorption line signatures. In these cases being able to estimate
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abundances from both optical and X-ray emission lines enables consistency
checks across wavelengths and ionisation states, increasing confidence in the
results, especially given their individual dependence on photoionisation codes.
Finally, Chapter 7 looks at X-ray narrow emission lines on a population
level, comparing outflow velocity distributions of O VII f in type 1 and type
2 AGN. This is a natural extension of the work in Chapters 5 and 6, where I
measured the O VII f line in NGC 5548 at a velocity of -300±30 km s 1, and
that in NGC 1365 as at rest (-30±70 km s 1). These outflow velocities found
for the two di↵erently classified AGN are consistent with the hypothesis that
traditional type 1 objects are viewed face on, with higher observed outflow
velocities for their intrinsic gas, and type 2 objects are viewed side on, with
lower observed outflow velocities for their intrinsic gas. The exploratory study
in Chapter 7 significantly increased the number of O VII f emission lines de-
tected in a uniform way across a sample (from 23 by Guainazzi and Bianchi
2007, in obscured AGN, to 89 in both obscured and unobscured AGN in this
thesis), although with current uncertainties it is not possible to detect popula-
tion velocity di↵erences of the order seen in optical studies (around 50 km s 1,
see e.g. Zhang et al. 2011; Bae and Woo 2014).
8.1 Future Work
While the high-resolution grating spectrometers on XMM-Newton and Chan-
dra continue to provide new insights into ionised gas associated with AGN,
in both emission and absorption, using long and targeted campaigns, in my
opinion the next major breakthroughs are likely to occur once new X-ray ob-
servatory satellites become operational.
A hint of this potential was given by Hitomi in mid-2016, before the
spacecraft was lost. The SXS (Soft X-ray Spectrometer) spectra from the
Perseus Cluster resolved the FeK↵ complex in far greater detail than possible
before (Hitomi Collaboration 2016). With an energy resolution of 5 eV over
the whole of its operational spectral band, SXS would not have increased the
available spectral resolution over current instruments operating below 2 keV,
although the e↵ective area was greater than XMM-Newton-RGS by nearly a
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Fig. 8.1: Hitomi SXS spectrum (black line) of the full Perseus Cluster field overlaid with a
CCD spectrum of the same region. The CCD spectrum is from data taken with theSuzaku
X-ray imaging spectrometer (XIS) (red line); the di↵erence in the continuum slope is due
to di↵erences in the e↵ective areas of the instruments. From the Supplementary Material
of Hitomi Collaboration (2016).
factor of two. However, achieving such a resolution over the entire SXS band
of 0.3-12 keV (1-40 A˚) represents an exceptional opportunity to expand ‘high-
resolution’ X-ray studies to the hard X-ray regime for the first time. Fig.
8.1 shows the increase in spectral resolution from CCD based spectrometers
(including XMM-Newton-EPIC) to microcalorimeters (such as SXS on Hitomi)
between 5.5 and 8.5 keV. The successful demonstration of microcalorimeter
technology within SXS is one positive outcome from the unintentionally short
mission forHitomi.
While the microcalorimeter (X-IFU) planned for ESA’s ATHENA mission
(launch date 2028; see Chapter 3) will not increase spectral resolution in the
soft X-ray band compared to XMM-Newton-RGS, the expected energy reso-
lution of 2.5 eV (up to 7 keV; Barret et al. 2016) will be an improvement over
even the Hitomi SXS resolution. The increase in e↵ective area of a factor of
200 from the XMM-Newton combined RGS chains (125 cm2) to the ATHENA
X-IFU (⇠ 2m2) will enable much larger samples of excellent quality spectra
to be collected; a great advantage for studies such as those in Chapter 7 of
this thesis.
If plans for Astro-H2 and ATHENA are realised, then their microcalorime-
ter instruments should provide unparallelled energy resolution and e↵ective
area with which to investigate higher energy narrow emission and absorption
features from the same AGN photoionised gas that RGS observes. Observing
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higher ionisation states of ions and more elements will allow current pho-
toionisation models to be constrained with more accuracy, and will also drive
improvements to these models.
If the proposed NASA mission Arcus is implemented, then a reflection
grating spectrometer operating over 8-50 A˚with ten times the spectral resolu-
tion and more than four times the e↵ective area of XMM-Newton-RGS could be
launched as soon as 2023 (NASA 2016). Even compared to the spectral reso-
lution of the grating spectrometers on Chandra, Arcus would have three times
higher spectral resolution (and 70-100 times larger e↵ective area at ⇠20 A˚)
(Smith et al. 2016). Another grating spectrometer of similar resolution is
expected to be part of the payload of the X-ray Surveyor mission, which is
undergoing a concept study in preparation for the NASA 2020 Decadal Survey
(see Chapter 3 for more details on future missions).
This thesis has explored ionised emission regions associated with AGN,
how they relate to ionised absorbing gas in similar locations and how they
may di↵er between AGN types. As a natural progression from the work in
this thesis, I suggest the following aims for future studies of X-ray narrow
emission lines around AGN.
8.1.1 Emission and Absorption Connections
The work in Chapter 5 would not have been possible without detailed warm
absorber modelling achieved before the recent obscuration event in NGC 5548.
The warm absorbers could be investigated when the observed continuum was
su ciently high (from lack of obscuration) for narrow absorption lines to be
studied. On the other hand, the narrow emission lines could only be studied
in detail during the obscuration event, when they were fully revealed over such
an absorbed continuum.
Therefore further studies of this type, to explore if absorption of narrow
emission lines is a common occurrence, and how their location of origin relates
to that of the absorbers, should focus on objects with variable absorption and
ideally follow the discovery of new obscuration events, like that seen in NGC
5548. The probability of a Type 1 AGN to undergo a similar event is estimated
to be 0.006+0.160 0.003 (Markowitz et al. 2014), translating to a probability of 3%
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Fig. 8.2: Archival Swift observations of nine Type 1 AGN. These are the eight AGN (plus
NGC 5548) being monitored by Swift (Mehdipour 2016) in order to trigger XMM-Newton
observations if a new obscuration event takes place (Kaastra 2015). Dashed green line:
average unobscured hardness ratio; dotted lines from bottom to top: average hardness ratio
with an additional 1021, 3⇥ 1021 (red), and 5⇥ 1021 cm 2 obscuring column density. From
Kaastra (2015).
per year, per target, of an event with (almost neutral, log ⇠ =  1.2) column
density > 3 ⇥ 1021 cm 2 (lower than the column density of the NGC 5548
obscuration, 1023 cm 2; probability calculated for the XMM-Newton and Swift
proposals by Kaastra (2015) and Mehdipour (2016) which have been approved
and are currently being implemented).
One way these events can be found is by monitoring AGN using the Swift
observatory and calculating the spectral hardness ratio. The Hardness Ratio
(R) is defined as R = (H S)(H+S) , where H and S are the count rate fluxes in the
hard (1.5  10 keV) and soft (0.3  1.5 keV) bands of Swift’s X-ray Telescope
(XRT), respectively (see Chapter 5 and Mehdipour et al. 2016, for an example
of its use). The hardness ratio increases as absorption in the soft X-ray band
increases, giving a good indication of the column density of any obscuration
events (see Fig. 8.2).
This strategy is being pursued by the collaboration that discovered the
NGC 5548 obscuration event: following the Swift detection of an obscuration
event, XMM-Newton RGS observations are triggered to examine the spectrum
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in detail. Eight AGN (in addition to NGC 5548, see Fig. 8.2) have been chosen
for monitoring because they have confirmed warm absorbers, are su ciently
bright to get excellent spectra with limited observing time in an obscured state
and > 200 ks archival data with XMM-Newton or Chandra gratings. So far
(Nov 2016), Swift observations have not met the triggering criteria since this
particular monitoring programme began.
With good quality spectra of both the obscured and unobscured states,
as for NGC 5548, the ionised gas seen in both emission and absorption can be
modelled in detail, and the frequency of absorbed X-ray narrow emission lines
can begin to be explored.
8.1.2 Comparing X-ray Narrow Emission Line Regions
As X-ray narrow emission lines in Type 1 objects begin to be studied in detail,
they can then be compared to the X-ray narrow emission lines in Type 2
objects. The archetypal Type 2 high-resolution soft X-ray spectrum is that
of NGC 1068 (Kinkhabwala et al. 2002), seen in Fig. 1.7, and others have
been studied in depth since they were observed (see e.g. Marinucci et al. 2010;
Armentrout et al. 2007). Comparing di↵erent aspects of Type 1 and Type 2
narrow emission lines would build on tests such as that in Chapter 7 of this
thesis. In addition, undertaking the same style of test with di↵erent emission
lines would begin to build up a picture of narrow line-emitting gas at varying
ionisations. The forbidden lines of the N VI or Ne IX He-like triplets could be
suitable for this.
Comparisons between the optical NLR for Type 1 and Type 2 objects have
found that ‘highly ionised’ (e.g. [Fe VII]  6087) emission lines, and those with
higher critical densities (e.g. 3.3 ⇥ 107 cm 3 for [O III]  4363, compared to
7.0⇥ 105 cm 3 for [O III]  5007) are stronger in Type 1 than Type 2 objects
(Murayama and Taniguchi 1998; Nagao et al. 2001). The interpretation of
this is that the parts of the line-emission regions located closer to the nucleus
have higher ionisations and higher densities (of the order of 107 cm 3), and
are obscured from view in Type 2 objects (see e.g. Nagao et al. 2001). As
X-ray emission lines are from more highly ionised ions (O VII compared to [O
III]) and have higher critical densities (a few ⇥109 cm 3 for O VII Porquet
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et al. 2010 compared to a few ⇥105 7 cm 3) than optical emission lines, X-ray
studies can contribute here.
Future X-ray studies should look to optical results such as this and explore
whether similar di↵erences as between Type 1 and Type 2 optical emission lines
exist for X-ray emission lines. The ATHENA X-IFU will enable high quality
spectra to be taken of fainter and more distant AGN than currently possible,
therefore sampling di↵erent redshift and luminosity parameter space, as well
as increasing the quality of spectra taken of current targets over relatively
short observing time.
The di↵erent ionisation states probed by the two wavelength bands can
give complementary results, as already seen in work such as that by Kraemer
et al. (2011) and Bianchi et al. (2006). This would be an opportunity to
bring the optical and X-ray AGN communities closer together, to exploit the
synergy of optical and X-ray narrow emission line investigations, enabling the
‘big picture’ of AGN narrow emission line regions to be explored over a wide
range of ionisation states.
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Appendix A
Survey of O VII f Emission Line
Velocities: Spectra
“The eye sees only what the mind is prepared to comprehend”
Robertson Davies
This Appendix contains plots of the O VII f line detections found through the
work explained in Chapter 7. Each plot shows the data in black and the best
fit model in red. Each model includes Galactic absorption of the continuum,
which can be seen in some spectra as a narrow absorption feature. The fea-
tures marked with a square containing a cross are artefacts from bad columns.
The only emission lines fitted are the O VII resonance, intercombination and
forbidden lines, so in each case the O VII f emission line is the Gaussian line
with the longest wavelength.
The objects with multiple observations in the archive, and therefore
stacked spectra, are labelled by their object name. Those with only one ob-
servation are labelled with their XMM-Newton Observation ID number, they
are related to the relevant object name in Table A.1.
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Fig. A.1: O VII f line detections used in the ‘Type 1’ analysis group.
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Fig. A.2: O VII f line detections used in the ‘Type 1’ analysis group.
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Fig. A.3: O VII f line detections used in the ‘Type 1’ analysis group.
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Fig. A.4: O VII f line detections used in the ‘Type 1’ analysis group.
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Fig. A.5: O VII f line detections used in the ‘Type 1’ analysis group.
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Fig. A.6: O VII f line detections used in the ‘Type 1’ analysis group.
206
Fig. A.7: O VII f line detections used in the ‘Type 1’ analysis group.
207
Fig. A.8: O VII f line detections used in the ‘Type 2’ analysis group.
208
Fig. A.9: O VII f line detections used in the ‘Type 2’ analysis group.
209
Fig. A.10: O VII f line detections used in the ‘Type 2’ analysis group.
210
Fig. A.11: O VII f line detections used in the ‘Type 2’ analysis group.
211
Fig. A.12: O VII f line detections used in the ‘Type 2’ analysis group.
Fig. A.13: O VII f line detections not used in either ‘Type 1’ or ‘Type 2’ groups for
analysis.
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Appendix B
Survey of O VII f Emission Line
Velocities: Tables
“Science is much more than a body of knowledge.
It is a way of thinking”
Carl Sagan
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Appendix C
Survey of O VII f Emission Line
Velocities: Notes
“It ain’t what you don’t know that gets you into trouble.
It’s what you know for sure that just ain’t so”
Josh Billings
The following objects which have line detections in this analysis and are not
classified as Seyfert 1 (1 h, 1 i), 1.2, 1.5, 1.8, 1.9, 2, Narrow Line Seyfert 1 or
unobscured Seyfert 2 in the NED database. More information was needed in
order to classify these objects broadly as ‘Type 1’ or ‘Type 2’ for the analysis
in this work, and here is a summary of that information.
Objects classified as ‘Type 1’:
Ark 564 : Khanna et al. (2016) define it as NL Sy 1, as do Gliozzi et al.
(2002); Papadakis et al. (2002); Marinello et al. (2016).
1RXS J031159.8-765131 : Ve´ron-Cetty and Ve´ron (2006) classify it as Sy
1.2
3C 120 : Ricci et al. (2014) include in their type 1 sample
PKS 0921-213 : Ve´ron-Cetty and Ve´ron (2006) classify it as Sy 1
NGC 4593 : Ricci et al. (2014) include it in their type 1 sample
Mrk 359 : Ricci et al. (2014) include it in their type 1 sample
Objects classified as ‘Type 2’:
MCG-5-23-16 : Simbad classification of Seyfert 2 and Balokovic´ et al.
229
(2015) also classify it as Seyfert 1.9.
Mrk 915 : Goodrich (1995) classify it as a Seyfert 1.8/1.9
NGC 2655 : Gonzalez-Martin et al. (2015) classify it as an AGN-
dominated LINER, not Compton-thick. Ho et al. (1997) also classify it as
Seyfert 2
NGC 1808 : Simbad classification of Seyfert 2, and Bassani et al. (1999)
also classify as a Seyfert 2 with intrinsic column density of NH = 3.20 ⇥
1022 cm 2
Objects not attributed to either group:
NGC 3310 : Ho et al. (1997) classify it as H II region (non-AGN), using
optical emission line ratios
NGC 613 : Falco´n-Barroso et al. (2014) classify it as a composite AGN
(of unidentified type) with starburst, from photoionised and shock heated
emission line ratios.
NGC 3690 : Ho et al. (1997) classify it as an H II region (non-AGN), using
optical emission line ratios
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